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silicon  carbide  whiskm  reinforced  composites.  The  formation  of  aluminum  carbide  and  the  difficulties  in  removing  the  viscous  dross 
lead  to  a  lower  cutting  rate  than  of  unteinforoed  aluminum.  The  focus  of  the  laser  beam  welding  etperimentation  dealt  with 
eUminating  the  formation  of  aluminum  carbide  by  filler  metal  additions.  Afqaopriate  filler  metals  and  their  respective  carbides  were 
analyzed  for  thermodynamic  stability  and  compatibility  in  the  weld.  A  computer  program  that  determines  the  equilibrium  of  chemical 
qistems  was  employed  to  predict  the  amount  of  titanium  necessary  to  prevent  the  formation  of  aluminum  carbide  in  the  fusion  zone  of 
a  Al^C/20  composite.  TIk  analysis  determined  that  a  22  wt%  addition  of  titanium  to  the  fusion  zone  was  necessary  to  prevent  the 
formation  of  aluminum  carbide.  Titanium  and  zirconium  shims  were  placed  between  two  thin  plates  of  a  6061/SiC/2()w  composite  and 
were  laser  beam  welded  to  produce  welds  having  filler  metal  additions.  The  laser  beam  welds  were  analyzed  by  electron  probe 
microanalysis  (EPMA)  and  toxical  raicrosoopy.  The  analysis  showed  the  titanium  and  zirconium  additions  successfully  prevented  the 
formation  of  aluminum  carbide  in  the  fusion  zone.  A  comparison  of  the  results  of  microatructure  observed  in  the  experimental  welds 
indicated  that  the  computer  predictions  for  the  level  of  filler  metal  addition  to  the  fiision  zone  were  reastmaUy  accurate. 
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INTRODUCTION 


Metal  matrix  oompoeites  (MMGs)  have  attractive  potential  as  engmeering  materiaig 
because  of  the  uniKOved  mechanical  petfonnanoe  over  unieinforced  metals.  Smneofthe 
properties  include:  increased  strengdi,  sdfihess,  and  improved  wear  resistance,  and  high 
(emperatuie  petfimnanoe.  Despite  iminoved  properties,  the  materials  gmierally  have  lower 
ductility  and  fracture  tou^mess  in  comparison  to  the  unreinfotced  matrix.  TheDRA 
composites  are  attractive  materials  because  diey  combine  good  mechanical  properties,  die 
atnlity  to  be  formed  standard  metalworking  techniques,  and  lower  cost  dian  crmtinuous 
fiber  reinforced  MMCs.  Although  most  applicadons  to  date  have  been  in  the  aerospace 
industry,  new  appUcations  are  being  found,  particularly  in  the  automotive  industry  [1, 2]. 
Utilizatkm  of  dieae  materials  will  require  machining  and  welding  processes  that,  as  yet, 
have  not  been  fully  investigated.  The  properties  of  DRA  composites  often  make  machining 
and  joining  difBcult  to  achieve  by  the  processes  ccmimonly  used  for  aluminum. 

Difficulties  in  machining  can  be  attributed  to  the  hardness  of  the  reinforcement  The 
hardness  of  the  reinforcement  is  often  greater  than  that  of  die  cutting  tools  used  for  contact 
madiining  mediods,  sudi  as  drilling  and  milling.  Laser  cutting  offers  an  advantage,  as  it  is 
a  n(»i-contact|»ooess  it  is  unaffected  by  die  hardness  of  the  material.  One  of  the  factors 
that  determines  the  effectiveness  of  laser  processing  is  the  ^isoiptivity  of  the  material.  It 
has  been  found  that  DRA  composites  absorb  more  energy  than  unreinforoed  aluminum. 

The  inqnoved  energy  absorption  is  attributable  to  the  higher  energy  absorption  of  die 
silioott  carbide  and  aitaninum  oxide  reinforcnnent  Laser  beam  weldiiig  offers  the 
advantages  of  lower  overall  heat  inpitt,  narrower  heat  affected  zones,  faster  cooling  rates, 
and  fiuter  welding  rates  dian  nuist  conventional  welding  processes,  such  as  arc  welding. 
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The  objective  of  this  investigation  was  to  determine  the  feasibility  of  laser 
processing  of  selected  DRA  composites.  The  ejqwrimentedon  on  laser  cutting  involved 
determining  the  parameters  and  the  effects  of  cutting  on  the  composites.  Cutting  rates  for 
die  different  composites  were  determined  and  cuts  were  characterized  by  micro^ructural 
analysis  and  micndiardiMss.  A  comparison  of  the  laser  cutting  rate  to  the  calculated 
absorptivity  of  the  composites  was  developed.  Laser  beam  welds  were  made  on  die 
materials  without  the  use  of  filler  metal  (autogenot»)  to  determine  the  effects  on  the 
material.  A  comparison  of  the  weld  penetration  depth  to  the  calculated  absorptivity  was 
generated.  The  focus  of  the  laser  beam  welding  invesdgadon  however;  was  the  prevention 
of  the  formation  of  aluminum  carbide  during  welding  of  silicon  carbide  reinforced 
aluminum  composites.  In  the  interest  of  preventing  aluminum  carbide  formation,  titanium 
and  zirconium  can  be  used.  These  two  metals  form  carbides  that  are  more 
thermodynamically  stable  than  aluminum  carbide  based  on  free  energy.  The  SOLGASMDC 
computer  program,  used  to  determine  the  chemical  equilibrium  of  a  system,  was  used  to 
predict  the  amount  of  titanium  necessary  to  prevent  formation  of  aluminum  carbide  in  die 
fusion  zone  of  the  weld.  Titanium  and  zirconium  were  added  to  the  fusion  zone  of  a 
6061/SiCy20w  composite  weld  to  prevent  the  formation  of  aluminum  carbide  through  the 
formation  of  the  mote  stable  carbide  compounds. 

Chapter  2  presents  a  review  of  the  relevant  literature  on  laser  processing  of  the 
composites.  In  addition  to  this,  difficulties  involved  widi  cutting  and  joining  of  DRA 
composites  are  discussed.  The  processes,  equipment,  and  materials  used  for  the 
experimental  woric  will  be  discussed  in  Chapter  3,  followed  by  the  results  of  the 
experimentation  and  discussion  in  Chapter  4.  The  conclusions  of  the  investigation  will  be 
given  in  Chapter  5.  Finally,  Chapter  6  includes  recommendations  for  future  work  in  the 
area  of  laser  processing  of  metal  matrix  composites. 


Chapter  2 

LITERATURE  REVIEW 


The  interest  in  DRA  composites  has  led  to  a  significant  amount  of  research  for  these 
materials.  This  research  has  led  to  an  increased  understanding  of  the  effects  of  the 
ccmstituent  materials,  fabrication  procedures,  and  secondary  processing  on  the  medianical 
properties.  Eariy  DRA  composites  used  standard  wrought  alloys  with  good  properties, 
such  as  6061  and  2024.  Microstructural  and  chemical  analysis  of  the  composites  often 
found  that  large  intermetallic  particles  contributed  to  composite  failure  [3].  The 
intermetallic  particles  were  attributed  to  die  high  solute  concentrations  of  standard  wrought 
alloys  diat  were  used  for  the  matrix  [4].  The  problems  associated  with  the  formation  of 
these  intermetallic  particles  has  led  to  the  development  of  new  matrices,  such  as  2009, 
X2080,  and  6090,  which  ate  designed  specifically  for  composites  [5].  The  use  of  new 
matrix  alloys  has  resulted  in  improved  ductility  and  fracture  toughness  of  the  composites 
daough  the  elimination  of  the  brittle  intermetallic  particles  [3].  Improvements  in  ductility 
and  fracture  toughness  have  also  been  achieved  through  secondary  processing  tedmiques 
sudi  as  rolling  and  extrusion  [4, 6].  Hie  improvements  observed  after  secondary 
processing  have  been  attributed  to  increased  homogeneity  in  die  microstructure.  Researdi 
is  cunendy  improving  the  properties  offered  by  DRA  composites;  however  many  obstacles 
must  be  overcome  to  enable  wide  utilization  of  these  materials.  These  obstades  indude  die 
develqnnent  of  effective  cutting  and  welding  teduiiques. 
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2.1.  Cutting  and  Machining 

The  high  hardness  of  the  reinforcing  phases  used  in  DRA  composites  has  been  a 
prominent  technical  challenge  for  die  processing  of  these  materials.  Standard  metalworidng 
tediniques,  sudi  as  extrusion,  rolling,  superplasdc  forming,  and  forging  have  been 
demonstrated  [7-10];  however  the  hardness  of  the  reinforcement  has  required  modifications 
to  many  of  diese  processes.  The  reinforcements  commonly  used  rival  or  exceed  die 
hardness  of  most  common  cutting  tools.  To  efiectively  madiine  and  cut  DRA  composites 
ultra  hard  materials,  such  as  polycrystalline  diamond  or  cubic  boron  nitride  tools,  are 
required  [11].  Ihe  use  of  non>tradidonal  and  non-contact  tediniques  such  as  abrasive 
wateijets  [12]  and  lasers  [13]  have  been  shown  to  be  effective  in  cutting  metal  matrix 
composites. 

2.2.  Welding 

Interactions  between  molten  matrix  ami  the  reinforcing  phase  have  lead  to 
difBculdes  during  fusion  welding  of  DRA  composites.  Tlie»  difficulties  indude:  an 
increase  in  the  weld  pool  viscosity,  porosity  in  die  welds,  dewetting  of  die  reinforcement, 
aiKl  chemical  reacdons  between  die  reinforcement  and  the  matrix. 

The  increased  viscosity  of  the  weld  pool  occurs  because  the  reinforcements,  which 
are  usually  ceramic,  generally  remain  solid  during  welding.  The  presence  of  the  solid 
reinforcement  in  the  molten  metal  results  in  an  increase  in  viscosity  [14, 15].  The  increased 
viscosity  creates  a  sluggish  weld  pool  which  may  lead  to  a  rough  weld  bead,  porosity 
within  the  weld,  or  lack  of  fusion. 

Powder  metallurgy  (P/M)  fabrication  methods  can  also  contribute  to  porosity  often 
observed  in  die  fusion  and  heat  affected  zones  of  welded  DRA  composites  [16, 17].  One 
step  of  the  P/M  fobrication  process  (for  monolidiic  aluminum  alloys  or  DRA  composites)  is 
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a  heating/itegassing  cyde.  This  pieparation  is  accessary  to  remove  water  that  is  chemically 
bound  to  the  aluminum  and  diat  is  adsorbed  by  the  reinforcement,  in  addition  to  any 
additives  used  during  dte  mixing  and  compaction  steps.  For  the  vrater  that  is  diemically 
bound  to  the  aluminum  powder,  the  chemical  reactions  that  occur  during  heating  ate  shown 
in  Table  1  [18]. 


Table  1.  Chemical  Reactions  Occurring  During  Heating  of  Aluminum  Powders  [18]. 


Reactitm 

Temperature 

2A1  -1-  6H2O 

- 1 

Al203*3H20  +  3H2(g) 

Al203*3H20 

Al203‘H20  +  H20rsicl 

>100*C 

2AI-t-3H20 

Al203  +  3H2(g) 

>200*C 

Al2Q3*H20 

AI2O3  +  H2O 

>400*C 

The  degassing  cycles  used  ate  very  complex  and  sensitive  to  many  aspects  of  the  powder 
mixture,  induding  surface  chemistry  of  both  the  reinforcement  and  the  aluminum  [18].  As 
a  result  it  is  unlikely  that  all  the  water  and  other  additives  are  iiilly  removed  during  the 
cycle.  It  has  been  observed  that  the  porosity  evident  in  the  welds  made  on  P/M  aluminum 
alloys  has  decreased  as  improvements  have  been  made  to  fabrication  processes  of  the 
material  [19].  Degassing  experiments  on  a  6061/SiC/15w  and  6061/SiC/20w  composite 
showed  that  the  primary  gas  emanating  from  the  composite  was  molecular  hydrogen  at 
temperatures  between  650  to  670*C  and  greater  [16].  Analysis  for  a  6061 A1  sample 
produced  in  the  same  manner  as  the  composite  indicated  that  the  aluminum  is  the  source  of 
the  hydrogen,  not  the  silicon  carbide  or  any  reaction  between  reinforcement  and  matrix. 
Studies  by  Aheam  [16]  suggest  that  the  rapid  heating  of  the  material  during  welding  results 
in  pore  formation,  because  there  is  little  time  for  the  hydrogen  to  diffuse  from  the  material. 
Porosity  can  also  be  problem  for  cast  aluminum  alloys,  as  molten  aluminum  has  a  relatively 
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high  solubility  for  hydrogen  [20].  As  a  result,  gas  porosity  can  occur  in  the  casting  if  die 
melt  is  not  properly  fluxed. 

In  addition  to  die  problems  related  to  porosity  are  the  problems  associated  with 
wettability  [21].  Most  ceramic  reinforcements  are  not  wet  by  molten  metals.  This  requites 
the  use  of  techniques  during  fabrication  to  promote  wetting.  When  die  composite  is 
melted,  the  matrix  may  reject  the  reinforcement,  thereby  reducing  the  reinforcement  To 
alleviate  die  problem,  filler  alloys  containing  addidons  that  promote  wetting  are  geiMrally 
used  [14].  It  has  been  determined  that  magnesium  can  prevent  dewetting  of  the  aluminum 
oxide  particles  during  arc  welding  of  6O6I/AI2O3P  composites  [22, 23].  The  use  of  filler 
metals  may  be  necessary  for  welding;  however,  the  added  metal  dilutes  the  amount  of 
reinforcement  in  die  weld  pool.  The  reduction  in  the  volume  fraction  of  the  reinforcement 
lowers  the  mechanical  properties  of  the  weld  when  compared  to  the  base  material. 

Chemical  reactions  between  die  matrix  or  alloying  additions  and  the  reinforcement 
are  also  possible  during  welding.  Hie  chemical  reaction  between  molten  aluminum  and 
silicon  carbide  to  form  a  deleterious  aluminum  carbide  during  fusion  joining  of  Al/SiC 
composites  has  been  widely  documented  [16, 24-30].  The  formation  of  aluminum  carbide 
has  been  the  major  obstacle  when  welding  silicon  carbide  reinforced  aluminum  composites. 
The  formation  of  aluminum  carbide  interferes  with  the  welding  process,  changes  the 
composition  of  the  weld,  and  results  in  poor  weld  properties.  Molten  aluminum  reportedly 
reacts  with  the  silicon  carbide  resulting  in  the  formation  of  aluminum  carbide  and  silicon  by 
foe  following  reaction  [16, 24-31]. 

4A1  +  3SiC  -  AI4C3  +  3Si  (1) 

The  reacticm  has  been  found  to  occur  r^idly  [16, 31],  and  affects  the  welding  process  and 
foe  properties  of  the  joint  This  reaction  results  in  a  substantial  increase  in  foe  viscosity  of 
foe  weld  pool.  Increased  viscosity  interferes  with  foe  welding  process  by  inhibiting  foe 
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fcmitati<»i  of  an  adequate  joint  The  silicon  produced  in  die  reaction  changes  die  dxsmical 
compoaiticni  of  die  weld  with  reqpect  to  the  base  material.  Although  some  of  the  sOicon 
will  go  into  soluticm  widi  aluminum,  die  presence  (rf  free  silicon  in  the  fusion  zmie 
microstructure  is  quite  common  [24-30],  The  hi^  hardness  and  strengdi  of  a  carbide  can 
provide  improvements  in  properties  (as  silicon  carbide  does  in  aluminum);  however,  the 
morplKilogy  and  die  medianical  and  diemical  |»operties  of  aluminum  carbide  phase  impact 
die  engineering  properties  of  dtt  weld.  Aluminum  carbide  forms  large  platelets  widiin  die 
fusion  zone.  These  britde  aluminum  carbide  platelets  lead  to  die  failure  of  the  joint  at  low 
strains.  Because  of  its  low  density,  the  formation  of  aluminum  carbide  (by  reaction  1) 
results  in  a  twenty-five  percent  increase  over  die  initial  volume.  This  increase  in  volume  is 
most  likely  le^nsible  for  the  excessive  weld  arown  often  observed  in  welds.  In  the 
presence  of  water  or  even  moist  environments,  the  aluminum  carbide  platelets  decompose, 
creating  voids  widiin  the  weld.  Aluminum  carbide  reacts  with  water,  i»oducing  mediane 
and  aluminum  hydroxide  by  following  reaction  [32]. 

AI4C3  +  I2H2O  —  4A1(0H)3  +  3CH4  (2) 

One  method  of  suf^ressing  the  formation  of  aluminum  carbide  during  welding  and 
fabrication  of  DRA  composites  is  the  use  of  silicon  additions.  Research  by  Isaikin  et  al. 
[33]  provided  (me  the  first  analyses  of  the  reaction  between  aluminum  and  silicon  carbide, 
resulting  in  an  equation  for  die  free  energy  of  the  reaction  and  its  relationdiip  to  die  activity 
of  silicon  and  tonperature.  The  relatirm  shows  that  die  formation  of  aluminum  carbide  is 
favored  when  silicon  levels  are  low  and  temperatures  are  high.  Iseki  et  al.  [34]  {novided 
experjnental  verification  for  die  suppression  of  aluminum  carbide  by  silicon  additions  in  a 
study  (m  joining  aluminum  to  silicon  carbide.  In  the  study,  two  types  of  silicon  carbide, 
one  containing  fiee  silicon  and  one  containing  no  free  silicon,  were  joined  to  aluminum. 
Gharacterizaticm  showed  that  aluminum  carbide  formed  at  die  joint  between  die  aluminum 
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ami  silicon  caitnde  containing  no  free  silioMi.  In  contrast,  the  free  silicon  present  in  Ae 
other  silicon  carbide  sample  prevented  die  formation  of  aluminum  carbide  at  dw  joint 
Tbennodynamic  control  of  the  formation  of  aluminum  carbide  by  siliam  has  led  to 
fabrication  of  castable  silicon  carbide  reinforced  aluminum  composites  by  ingot  metallurgy 
techniques  [35].  The  levels  of  silicon  necessary  to  prevent  the  formation  of  aluminum 
carbide  are  provided  by  aluminum  casting  alloys.  A  study  by  Lloyd  [31]  determined  the 
amount  of  silicon  diat  must  be  present  to  prevent  d»  formation  of  aluminum  carbide  as  a 
function  of  temperature.  At  600*C,  approximately  8  atomic  percentage  of  silicon  necessary 
to  prevent  die  formatimi  of  aluminum  carbide;  the  amount  increases  lineariy  to 
approximately  13  atomic  percentage  at  8S0*C.  Lloyd  [31]  also  detennined  that  the  amount 
of  aluminum  carbide  formed  increase  with  higher  temperatures  and  longer  contact  time 
between  the  aluminum  and  silicon  carbide.  If  the  formation  of  aluminum  carbide  does 
occur,  a  substantial  increase  in  the  viscosity  results,  which  can  prevent  casting  of  the 
composite  [15, 31, 35].  Arc  welding  of  the  materials  without  die  formation  of  aluminum 
carbide  is  possible  provided  the  heat  input  to  die  weld  is  kept  sufBciendy  low  [14].  The 
use  of  filler  alloys  containing  silicon  is  recommended  during  arc  welding  processes  to 
inhibit  formation  of  aluminum  carbide  [14].  Silicon  additions  are  commonly  used  to 
suppress  the  formation  of  aluminum  carbide  in  Al/SiC  composites;  however  the  addition  of 
other  metals  has  also  be  shown  to  prevent  the  formation  of  aluminum  carbide. 

One  area  of  metallurgy  that  has  provide  information  for  die  prevention  of 
aluminum  carbide  formation  is  the  grain  refinement  of  aluminum  alloys.  Grain  refiners, 
sudi  as  titanium  diboride,  are  often  added  to  aluminum  castings  to  provide  improved 
performance  by  controlling  the  grain  structure.  Several  transitional  metals,  in  particular 
titanium,  ziiooniom  and  niobium,  are  able  to  refine  the  grain  structure  of  aluminum  alloys 
by  die  formation  of  carbides  that  act  as  nudeation  sites  [36].  Thermodynamic  analysis  and 
miciostnictural  observations  for  the  addititm  of  titanium  to  aluminum  for  grain  refinemoit 
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have  shown  ttat  titanium  caibide  is  more  stable  than  either  aluminum  carbide  or  titanium 
aluminide  (IIAI3)  [37>41].  Studies  of  the  Al-li-C  system  by  Jarfois,  Fredricksson,  and 
Froyen  [38]  have  slK)wn  tiut  altiiou^  several  cmnpounds  can  form  in  the  system  (AI4C3, 
TlAls,  ‘n2AlC,  and  T1Q,  for  the  levels  of  titanium  studied  (s6  wt%),  TIC  is  tiie  most 
stable  ccanpound.  The  thermodynamic  stability  of  the  titanium  carbide  phase  and  its  ability 
to  act  as  a  strengthening  phase  has  been  used  for  in*situ  fabrication  of  composites.  A 
process  develq)ed  by  Sahoo  and  Koczak  [42]  forms  titanium  carbide  particulates  up  to  2 
pm  in  size  in  an  aluminum  alloy  matrix.  Characterization  and  testing  of  the  material 
draionstrated  that  the  TIC  particulates  were  mote  stable  than  either  AI4C3  or  T1AI3  up  to  at 
least  750*C  Titanium  and  zirconium  have  also  been  used  in  joining  silicon  carbide 
reinforced  aluminum  composites  by  a  low  pressure  plasma  coating  process  [43].  A 
powder  mixture  containing  silicon  carbide  particles,  aluminum,  and  small  amount  of  either 
titanium  or  zirconium  was  used  to  join  1100  AI-30  wt%  SiQ>  composites.  Electron  probe 
micro-analysis  (EPMA)  of  the  welds  showed  that  the  titanium  and  zirconium  reacted  witii 
tile  surface  of  the  silicon  carbide  particle,  forming  a  tiiin  layer  of  the  respective  caibide. 
Due  to  the  tiiermodynamic  stability,  the  TIC  and  ZrC  fonned  a  barrier  layer  prevented  the 
formation  of  aluminum  carbide.  EPMA  of  tiie  joints  determined  that  no  aluminum  carbide 
was  present  in  the  welds. 

23.  Laser  Theory 

Laser  is  an  acronym  for  light  amplification  by  stimulated  emission  of  radiation. 
The  lasor  has  become  a  valuable  tool  in  many  areas  of  science  due  to  its  unique  properties. 
Lasers  are  a  source  of  intense,  collimated,  monochromatic  light  that  can  be  focused  to 
obtain  a  high  energy  density  [44].  One  of  the  fundamental  principles  of  the  laser  is  the 
tiremy  of  stimulated  emis»on,  proposed  by  Einstein  in  1916  [45].  The  theory  of 
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stimulated  emission  is  too  complex  to  be  discussed  here;  however,  a  simplified  version  can 
be  explained  in  Figures  1  and  2.  Consider  an  atom  (or  molecule)  in  an  excited  energy 
level.  The  excited  attmi  will  emit  a  photon  as  it  undergoes  a  transition  to  a  lower  energy 
level.  In  this  case,  known  as  a  s^ntaneous  emission,  the  excited  atom  emits  a  photon  as  it 
moves  to  a  lower  energy  level.  Figure  1.  If  an  emitted  photon  passes  dose  enough  to  a 
second  exdted  atom  (or  molecule),  the  ^ntaneously  mined  photon  can  stimulate  the 
exdted  atom  to  release  a  photon.  Figure  2.  The  stimulated  photon  has  the  same  energy, 
phase,  polarization,  and  travels  in  the  same  direction  as  the  stimulating  photon. 

The  theory  of  stimulated  emission  was  proposed  in  1916;  however,  it  was  not  until 
1960  that  the  theory  was  reduced  to  practice  [45].  Several  requirements  are  necessary  to 
obtain  a  laser  beam  [44].  The  first  requirement  is  the  atom  or  molecule  capable  of  photon 
emission,  known  as  the  lasing  medium.  Also  necessary  is  a  means  of  exdting  the  lasing 
medium  to  higher  energy  levels.  An  optical  resonator  reflects  the  photons  through  the 
lasing  medium  so  that  stimulated  emission  can  be  sustained.  A  lasing  medium  (CO2X 
means  of  exdtation  (DC  current),  and  the  mirrors  that  make  up  die  optical  resonator  for  a 
carbon  dioxide  laser  can  be  seen  in  Figure  3. 

When  in  the  exdted  state,  the  CO2  molecule  will  emit  photons  spontaneously  in 
random  directions.  Figure  4.1.  Due  to  the  large  number  of  emissions,  one  (or  more)  of  the 
photons  will  travel  down  the  axis  of  the  optical  resonator.  This  photon(s)  will  initiate  the 
laser  beam  by  starting  the  process  of  stimulated  emission.  Figure  4.2.  The  photons  will 
resonate  between  the  two  mirrors,  stimulating  other  exdted  CO2  molecules  to  release 
photons.  Figure  43.  The  process  continues,  each  stimulated  photon  becoming  a 
stimulating  photon,  until  the  photons  exit  the  partially  reflective  mirror,  forming  a  laser 
beam.  Figure  4.4. 
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Hgure  1.  Spcmtaneous  emission  of  a  photon  due  to  the  transition  of  an  election  to  a 

lower  energy  state. 


Figure  2.  Incoming  photmi  stimulating  the  emission  of  a  photon  from  an  excited  atom. 


Figure  3.  Lasing  medium,  means  of  excimtion,  and  optical  testmator  for  a  CO2  laser. 


(Partially  reflective) 
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Hgure  4.1.  Sfxmtaneous  emissioii  of  phoums  from  die  excited  cartxHi  dioxide  molecules. 


Hgure  4.2.  Photon  traveling  down  the  axis  of  the  resonator. 
Initiadon  of  the  process  of  stimulated  emission. 


Figure  4.3.  Resonance  between  the  two  minors,  stimulating  emission  of  more  photons. 


Hgure  4.4.  Sufficient  number  of  photons  to  exit  the  pardally  reflective  mimn: 
The  photons  not  emitted  continue  the  process  by  stimulating  more  photons. 
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2.4.  Laser  Processing 

Lasers  are  usefol  for  materials  processing  because  of  the  variety  of  processing 
techniques  available  and  the  ability  to  process  many  different  types  of  materials.  TIm 
|»t)ce»es  oShenA  by  lasers  include:  cutting,  drilling,  welding,  cluing,  and  surface 
treatment  [46].  The  materials  that  can  be  processed  indude:  metals,  ceramics,  plastics,  and 
composites. 

Laser  beam  welding  involves  the  use  of  a  focused  laser  beam  to  cause  localized 
melting  in  die  material.  Two  different  type  of  welds  can  be  formed  depending  on  the 
intensity  of  the  laser  beam.  The  fost  type  of  weld,  known  as  a  conduction  weld,  occurs 
when  die  inddent  laser  energy  is  conducted  away  from  the  surface  of  die  material.  In  this 
ccHidition  the  penedation  dqith  for  metals  is  limited  to  about  1  mm  [44].  The  second  type 
of  weld,  known  as  a  keyhole  weld,  is  achieved  by  lasers  capable  of  generating  high  power 
densities,  usually  those  greater  than  1000  W.  The  high  energy  density  vaporizes  the 
material,  generating  plasma  and  creating  a  cavity  in  the  material.  Once  formed,  the  plasma 
keyhole  absorbs  almost  all  die  inddent  laser  ener^.  The  temperatures  widiin  die  keyhole 
are  extremely  high,  i^iproadiing  20,000  K  [46].  The  depth  of  the  keyhole  is  a  function  of 
power;  for  a  constant  beam  diameter  the  depth  generally  increases  with  increasing  laser 
power  [47].  During  the  laser  beam  welding  process,  a  shielding  gas  is  usually  supplied  to 
protect  the  weld,  to  prevent  the  absorption  of  gases,  prevent  unwanted  chemical  reactions, 
and  to  aid  the  welding  process  [48].  As  die  laser  beam  is  moved  across  die  material,  die 
molten  metal  flows  behind  the  beam  and  solidifies,  forming  die  weld  as  shown  in  Figure  5. 
Laser  beam  welding  offers  several  advantages  over  conventional  welding  processes, 
induding;  non-contact  welding,  low  overall  heat  input,  narrow  fusion  and  Iteat  affected 
zones,  faster  cooling  rates,  and  faster  welding  rates  [46-48].  Disadvantages  of  laser  beam 
welding  ii^ude;  hi^  equipment  cost,  and  limited  thickness  in  comparison  to  electron  beam 


welding  [47].  Aiklitionally,  die  high  temperatures  in  the  keyhole  can  result  in  die  loss  of 
vtdatile  alloying  additions  [24]. 

Mudi  like  laser  beam  welding,  laser  cutting  is  also  a  useful  process  because  of  the 
fast  rate,  limited  part  distortion,  minimal  heat  ajEfected  zone,  and  narrow  keif  in  comparison 
to  mcffit  cutting  methods  [46].  As  mentioned  previously,  the  hi^  equipment  cost  is  a 
disadvanti^  of  laser  cutting.  Laser  cutting  ofmaterials  is  similar  to  laser  beam  welding  in 
die  keyhole  mode.  The  focused  laser  beam  caus»  localized  melting  of  the  material  and 
assist  gas,  usually  applied  coaxial  to  the  beam,  expels  the  molten  material  prior  to 
solidification,  as  shown  in  Figure  6.  The  primary  role  of  tte  assist  gas  in  laser  cutting  is  to 
remove  the  molten  material,  but  it  may  also  rahance  cutting  by  promoting  oxidation 
reactions  or  prevent  reactions  by  providing  a  gas  shield  [49].  Oxidation  reactions  tend  to 
increase  die  heat  in  die  material,  causing  more  melting  and  a  decrease  die  material  viscosity, 
leading  to  foster  properties  of  the  material. 

The  amount  of  laser  energy  absorbed  by  the  material  is  one  foctor  that  detemunes 
the  effectiveness  of  laser  processing  [47].  The  laser  is  a  light  source,  so  the  amount  of 
energy  transferred  to  the  workpiece  depends  on  the  amount  of  light  absorbed  by  the 
workpiece.  In  general,  improved  absorptivity  leads  to  greater  processing  efficiency,  wfaidi 
allows  for  deeper  penetration  and  faster  processing  ^leeds.  The  amount  of  energy 
absorbed  by  a  material,  measured  by  emissivity,  is  dependent  on  the  optical  properties  of 
the  material  that  vary  as  a  function  of  the  wavelen^  of  die  light  and  temperature. 
Emissivity  is  a  function  of  wavelength;  therefore  the  amount  of  energy  absorbed  will  be 
dependent  on  die  ouqnit  wavelength  of  the  laser.  For  example,  die  emissivity  of  aluminum 
at  die  operating  wavelengdi  of  a  CO2  laser  (10.6  pm)  is  1.9  percent,  and  8  percent  for  the 
operating  wavelengdi  of  a  Nd:YAG  laser  (1.06  pm)  [50].  In  general,  metals  abscnb  small 
amounts  of  energy,  because  they  are  very  reflective.  Aluminum  in  particular,  has  a  very 
high  reflectivity,  as  shown  by  the  low  emissivity  for  die  wavelengths  of  the  CO2  and 
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Nd:YAG  lasers.  Ceraoiic  materials  usually  have  higher  absorpdvities  than  do  metals  [49]. 
The  improved  absorptivity  of  ceramics  is  an  important  omsideration  for  laser  procesang  of 
DRA  composites.  Several  researchers  [28,  SI]  have  observed  an  increase  in  the  amount  of 
laser  energy  absorbed  by  DRA  cmnposites  that  has  be  attnbuted  to  the  higher  absorptitm  of 
laser  energy  by  the  ceramic  reinforcement  Several  odrer  fKtors  can  affect  the  amount  of 
laser  energy  absorbed.  Alloying  additions  have  been  shown  to  affect  the  amount  of  laser 
energy  absorbed  by  aluminum  alloys  for  both  the  CO2  and  Nd:YAG  lasers  [52].  Surface 
conditions  can  also  be  a  factor  for  energy  absorption,  since  more  energy  is  reflected  from  a 
highly  polished  surface  than  from  a  rougher  one  [53]. 


Qi^terS 

EXPERIMENTAL  WORK 


3.1.  Materials 

Several  different  DRA  composites  were  used  in  die  investigation.  The  composites 
used  varied  in  matrix  alloy,  compoation  and  morphology  of  the  reinforcement,  method  of 
fabrication,  secondary  processing,  and  heat  treatment  as  shewn  in  Table  2. 


Table  2.  Materials  Used  in  die  Experimentation  and  Relevant  Material  Data. 


Mamial 

Form 

Heat  Treatment 

Fabrication  Tedinique 

6O6I/AI2O3/2OP 

Extrusion 

As  Extruded 

InKOt  Processing 

6061/SiC/20w 

Extrusion 

As  Extruded 

Powder  Metallurgy 

X2080/SiaiSp 

1.6  mm  sheet 

T6  Temper 

Powder  Metallurgy 

A3S6/SiC/20w 

Sheet 

As  Cast 

Tape  Cast  Preform:  HiPIC 

A3Sd/SiO20p 

Plate 

As  Cast 

Ingot  Metallurgy 

6061 

Sheet 

T6  Temper 

Ingot  Metallurgy 

The  A3Sd/SiCy20w  composite  was  made  in-house  at  die  Applied  Research  Laboratory. 
Silicon  carbide  whisker  preforms  were  fabricated  by  tape  casting  and  were  subsequendy 
infiltrated  using  high  pressure  infiltration  casting  (HiPlC).  The  developed  preform 
fabrication  process  starts  by  mixing  measured  amounts  of  silicon  carbide  whiskers,  an 
organic  binder,  and  solvent  to  form  a  homogenous  slurry.  A  thin  layer  of  the  slurry  is 
ai^lied  to  a  plastic  carrier  by  means  of  a  tape  casting  madiine.  The  slurry  dries  on  die 
carrier  forming  a  green  tape.  The  green  tape  is  then  cut  and  stacked  in  a  die,  as  shown  in 
Figure  7. 
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Figure  7.  Schematic  drawing  of  tlw  laminating  die  for  fabricatimi  of  silictm  carbide 

wh^ker  preforms  by  tape  casting. 
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Heat  and  ptessure  are  applied  to  die  tape  layeis  to  consolidate  tl»  tapes  into  a  green 
piefonn.  The  cyanic  binder  is  then  removed  from  the  green  preform  by  a  heating  cycle, 
completing  the  prefonn  fabrication  process. 

High  {vessure  infiltration  casting  is  used  to  infiltrate  the  silicon  carbide  udiisker 
preform,  forming  die  cmnposite.  The  preform  is  placed  into  a  metal  die.  Molten  aluminum 
is  then  poured  over  the  preform.  Pressure  is  replied  immediately  to  infiltrate  die  preform 
arul  rapidly  solidify  the  aluminum,  forming  the  composite. 

3J.  Equipment 

A  Coherent  General  EFA  SSI,  1.5  kW,  enhanced  fast  axial  flow  CO2  laser  was 
used  during  die  investigation.  The  laser  has  continuous  wave  (CW)  and  pulsed  ci^ability 
in  the  TEMqq  mode  with  a  circular  polarized  beam.  A  focal  arrangement  utilizing  a  63.5 
mm  focal  length  lens  produced  a  spot  size  of  120  |un  at  an  output  wavelength  of  10.6  |un. 
Shielding  and  assist  gases  were  provided  coaxial  to  the  beam,  and  a  computer  controlled 
micropositioning  system  was  employed  to  manipulate  the  test  qiecimens  during 
processing.  The  experimental  arrangement  used  for  the  laser  cutting  and  laser  beam 
welding  investigation  is  shown  schematically  in  Figure  8. 

3J.  Processes 

Laser  cuts  were  made  on  die  composites  and  aluminum  alloy  6061  to  determine  the 
cutting  rates  for  the  material.  Thin  sections  (••  1-4  mm)  were  cut  from  the  parent  extrusion 
using  an  tdirasive  cut-off  wheel.  Prior  to  laser  cutting  all  the  samples  were  sanded  with 
320  grit  silicon  carbide  paper  and  were  subsequenUy  cleaned  with  acetone  to  provide 
uniform  surface  roughness  for  testing.  Aluminum  alloy  6061  was  laser  cut  to  provide  a 
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oomparison  of  the  cutting  rate  of  aluminum  to  the  rate  of  the  composites.  Air,  nitrogen, 
and  oxygen  were  used  as  assist  gases  during  cutting.  Tlie  A356/SiC/20p  composite  was 
not  used  in  the  laser  cutting  experimentadmL 

Samples  for  laser  beam  welding  were  pr^Mued  in  the  same  manner  as  the  laser 
witting  safnpiaa-  For  the  additions  of  filler  metals  to  the  6061/SiC/20w  composite,  the 
edges  of  the  omnposite  were  also  sanded  using  320  grit  silicon  carbide  paper  and  deaned 
with  acetone.  The  filler  metal  was  cut  to  fit  the  sample,  was  sanded,  deaned  widi  acetone, 
and  placed  between  the  edges  of  the  composite  on  the  welding  fixture,  as  shown  in  Figure 
9.  Qamps  were  dien  attached,  as  shown  by  the  arrows  in  the  figure,  to  prevent  the 
mmpnsitp.  plates  firom  moving  during  welding  and  to  keep  the  plates  and  filler  metal  in 
inrimste  contact  Helium  was  supplied  at  a  flow  rate  of  25  cubic  feet  per  hour  (CFH)  to 
protect  the  materials  during  welding. 

The  cuts  and  welds  were  mounted  and  polished  to  1  pm  grit  using  standard 
techniques  to  obtain  samples  for  characterization.  Optical  and  scanning  electron 
microscc^res  were  used  to  characterize  the  microstructure.  An  electron  microprobe  was 
used  for  elemental  analysis  and  x-ray  mrqrping.  Microhardness  of  the  cuts  and  welds  was 
determined  using  a  Victer’s  indentor. 


Ijter  Beam  WddiBi  Gool^maioa 


Incoming  Laser  Beam 


Zinc  Sdenide  Focus  Lens 
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Fusion 

Zone 


^Kfelding  Nozzte 


Laser  Cutting  Configuration 


Incoming  Laser  Beam 


Zinc  Selenide  Focus  Lens 


Assist  Gas 


Coaxial  Gas  Jet 


Cutting  Nozzfe 


Dross 


Figures.  Expmimental  configuration  fix- the  laser  cutting  and  laser  beam  welding 
experimmits  used  in  this  investigation. 


Cbapta4 

RESULTS  AND  DISCUSSION 


4.1.  Laser  Cutting 

Laser  cutting  experimentatim  inv>dved  developing  parameters  for  the  compo^tes 
and  draiacterizatkm  die  laser  cuts  made  using  the  devdopedparametns.  Qiaiacterization 
of  die  laser  cuts  included  examination  of  the  microstructuie  and  micndiaidness  testing  to 
determine  the  effects  on  the  composites  due  to  laser  cutting.  The  maximum  laser  cutting  for 
the  composites  were  determined  for  a  specified  set  of  parameters  (1500  W,  633  mm  focal 
lengdi  lens,  47  i/ndn  air).  A  ccmiparison  of  diese  maximum  cutting  rates  (based  on  die 
^ledfied  parameters)  was  made  to  a  calculated  emissivities  for  the  composites. 

4.1.1.  Dross  Formation 

The  most  observable  effect  of  laser  cutting  was  the  dross  attached  to  die  DRA 
composites  reinforced  with  silicon  carbide  whiskers,  6061/SiCy20w  and  A3S6/SiC/20w. 
Altfaou^  some  dross  generally  remains  attadied  to  die  exit  of  laser  cut  materials,  a 
significant  amount  of  dross  remained  attached  to  the  whisker  reinforced  materials,  as 
shown  in  Figure  10.  The  average  height  of  the  dross  attached  to  the  bottmn  of  a  2mm 
sample  of  6061/SiC/20w  composite  processed  with  a  variety  of  process  parameters  was 
1.25  mm.  Different  assist  gases  (air,  O2,  N2),  gas  flow  rates,  power  levels,  and  travel 
^leeds  were  used  in  an  attempt  to  minimize  die  dross  adhered  to  die  bottom  of  the  cuts; 
however,  the  dianges  did  litde  to  modify  the  attadied  dross.  The  dross  attadied  to  die  cut 
exits  of  die  6061/SiC/20w  and  A356/SiO20w  composites  was  very  difficult  to  remove, 
unlike  that  of  die  6O6IAI2O3/2OP  and  X208(VSiC/15p  composites. 
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Figure  10.  Dross  attached  to  the  cut  exit  of  a  laser  cut  made 
on  the  6061/SiC/20w  composite. 
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Mkrottnictunl  aoatysb  of  the  dross  foimed  on  die  silicoo  cubide  whisker  reinfinoed 
composites  revealed  platelets  widiin  the  matrix  that  have  been  idmtified  as  aluminum 
carbide  by  jnevioia  researchers  [24-30],  as  shown  Hguie  11.  It  is  believed  that  die  molten 
aluminum  reacts  widi  the  siliocm  carbide  whiskers,  forming  a  viscous  mixture  of 
aluminum,  aluminum  carbide,  and  silicon.  The  assist  gas  moves  the  mixture  toward  die 
bottom  of  die  cut,  but  is  unable  to  expel  it  completely,  due  to  its  high  viscosity,  resulting  in 
die  buildqi  of  the  dross  at  die  cut  exit  Quandtadiw  microso^y  of  a  laser  cut  made  on  die 
6061/SiC/20w  composite  determined  that  78  percent  of  the  volume  of  material  removed 
fitm  the  cut  remained  attached  to  the  exit  of  the  cut  as  dross. 

The  amount  of  dross  attadied  to  the  bottom  of  the  cut  was  found  to  be  a  fimcdon  of 
the  diickness  of  the  composite.  Figure  12  shows  the  amount  of  dross  attadied  to  die 
bottom  of  the  laser  cuts  made  on  the  6O6I/AI2O3/2OP  composite  as  a  function  of  thickness, 
for  thicknesses  from  2  to  4  mm.  As  can  be  seen  in  the  SEM  micrographs,  die  amount  of 
dross  attached  to  the  cut  exit  of  the  6O6I/AI2O3/2OP  composite  increases  with  thickness. 

An  increase  in  the  amount  of  attadied  dross  with  increasing  diickness  was  also  observed  in 
the  6061/SiC/20w  composite,  although  the  amount  of  attadied  dross  was  mudi  greater. 

The  laser  cutting  rate  also  affected  the  amount  of  dross  attached  to  the  cut  exit  of  the 
6O6I/AI2O3/2OP  composite.  Shown  in  Figure  13  are  SEM  micrographs  of  the  cut  exits  of  a 
3  mm  thick  section  of  the  6O6I/AI2O3/2OP  composite  cut  at  several  different  travel  ^leeds. 
The  micrographs  indicate  that  faster  cutting  rates  result  in  less  dross  attached  to  die  cut  exit 


Top  of  Laser  Cut 


Hgore  12.1.  SEM  micrograph  of  Ae  cot  exit  of  a  2  mm  thick  secdrai  of  die 
6O61/Al203/2Op  composite  cot  at  15  cm/s. 


Bottmn  of  Laser  Cut 


I  Top  of  Laser  Cut 


Hgore  12.2.  SEM  micrograph  of  dm  cut  exit  of  a  3  mm  thick  sectimi  of  the 
6061/Al2O3/2(^  composite  cut  at  6  cm/s. 


Figure  12.3.  SEM  micrograph  of  the  cut  exit  of  a  4  mm  thick  section  of  the 
6061/Al2(^^^  composite  cut  at  4  cm/s. 
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HgurelS.l.  SEM  nikanographcrftlM  cut  exit  of  a  3iiun  thick  section  of  die 
6061/Al2O3/2(^  composite  cut  at  6  cm/s. 


Hgore  13.2.  SEM  mkrograph  of  die  cut  exit  of  a  3mm  diidc  sectitm  of  the 
6O6I/AI2O3/2OP  cmnposite  cut  at  4cm/s. 
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4.1.2.  Microstnicture 

An  analysis  of  the  microstructure  of  the  laser  cut  composites  show  the  effects  of 
laser  processing  on  the  various  materials.  Shown  in  Figure  14  are  photomicrographs  of 
the  cross  sections  of  laser  cuts  made  on  the  6O6I/AI2O3/2OP-F  (14.1),  X2080/SiC/15p-T6 
(14J2),  6061/SiCy20w  (14.3),  and  A3S6/SiC/20w-F  (14.4)  composites,  whidi  were  cut 
using  air  as  an  assist  gas.  Laser  cutting  appears  to  have  the  most  noticeable  effects  on  the 
siliom  carbide  whisker  reinforced  composites,  (143)  and  (14.4),  as  evidenced  by  a 
reaction  layer  on  the  cut  surface.  It  is  believed  that  a  thin  layer  consisting  of  a  mixture  of 
aluminum,  aluminum  carbide  and  silicon  remains  attached  to  the  surface  of  the  cut  as  the 
assist  gas  expels  the  molten  material,  as  can  be  seen  in  Figure  15.  Porosity,  attributed  to 
P/M  fabrication,  is  also  evident  in  the  heat  affected  zone  of  the  6061/SiC/20w  composite 
laser  cut  shown  in  Figure  IS.  The  large  amount  of  porosity  evident  in  the  heat  affected 
zone  of  the  A356/SiC/20w-F  composite  (14.4),  is  believed  due  to  hydrogen  present  in  the 
as  fabricated  material.  It  is  believed  that  the  rapid  solidification  of  the  HiPIC  fid>rication 
process  may  trap  hydrogen  in  the  composite.  As  previously  mentioned,  aluminum  has  a 
high  solubility  for  hydrogen.  Any  hydrogen  present  in  the  aluminum  would  not  have 
sufficient  time  to  diffuse  out  of  the  composite  and  the  high  pressure  used  during  HiPIC 
(100  MPa)  may  have  prevented  nucleation  of  pores.  The  entrapped  hydrogen  appears  to 
have  been  released  from  the  composite  during  heating,  since  porosity  of  this  magnitude 
was  not  observed  in  the  as  cast  material.  This  behavior  is  similar  to  the  that  observed  in 
laser  processed  DRA  composites  produced  by  P/M  techniques.  In  addition,  the  porosity 
observed  in  die  laser  cut  A3S6/SiC/20w  composite  follows  the  layers  of  the  silicon  carbide 
whisker  preform  diat  was  infiltrated  to  form  the  composite.  The  particulate  reinforced 
materials,  (14.1)  and  (143),  re^nded  very  well  to  the  laser  cutting  operation,  with  no 
reactitm  layer  visible  during  miaostructural  analysis. 
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Figure  14.3.  Photonucrognph  of  the  cross  section  of  a  laser  cut  the 

6061/SiO20w  composite. 
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Hgure  15.  Reaction  layer  on  the  suiface  of  the  laser  cut  of  the  606iySiC/20w  composite. 
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It  is  evideiu  fiam  s  ooii^Mris(m  of  the  miaostroctuies  of  the  sflicoo  csibide  lemforoed 
msterisls,  (14^)»  (143)  and  (14.4X  that  the  reinftxceixtent  moiphdogy  may  affect  die 
fmnatioa  of  aluminum  caibtde  on  the  cut  suifece;  ance  no  aluminum  catlnde  was  evuimt 
at  the  cut  suifiioe  of  the  omxQiositB  reinforced  with  siliamcaibide  particulates.  Thelackof 
aluminum  carbide  on  the  cut  surfooe  of  the  XiK^lVSiCVlSp-Td  is  believed  due  to  the 
mot{diology  of  die  reinforcemoit  The  particulates  (•  16  |im)  [6]  ate  much  larger  than  die 
vidiiskets  (••  1  pm  in  diameter,  10-100  pm  in  length)  [54].  The  particulates  have  a  smaller 
surface  area  per  unit  volume  tf>an  the  vdiiskets,  and  therefore  less  silicon  carbide  is  in 
contact  with  the  molten  aluminum.  It  is  believed  dud  the  molten  aluminum  and  sUicmi 
carbide  particulates  ate  expelled  by  the  assist  gas  before  the  fixmadon  of  aluminum  carbide 
can  affect  the  viscosity  of  the  molten  material.  It  should  be  noted  that  the  presence  of  03 
weight  percentage  of  zitoonium  in  the  X2080  alloy  [55]  may  have  inhibited  the  formation 
of  aluminum  carbide  to  some  exumt,  due  to  thermodynamic  considerations.  Reynolds  and 
Yang  [43]  have  shown  that  low  levels  of  zirconium  (3  wt%)  can  prevent  the  formation  of 
aluminum  carbide  during  low  pressure  plaana  joining  of  1100-30wt%  SiQp  composites. 

4.13.  Cutting  Rate 

The  cutting  rates  for  the  composites  were  found  to  be  higher  than  that  of 

unreinforced  aluminum,  except  for  the  SiCw  reinforced  composites.  The  6O6I/AI2Q3/2OP 

conqxjsite  had  the  best  re^nse  to  laser  cutting,  with  very  fast  cutting  rates  attained.  The 

range  of  maximum  cutting  s^teed  as  a  fonctitm  of  thickness  for  the  6061/Ai203/20p 
« 

composite  is  shown  in  Figure  16,  along  widi  die  maximum  cutting  rate  for  aluminum  alloy 
6061,  based  on  die  following  parameters  (1500  W,  633  mm  focal  lengdi  lens,  47  f/min 
air).  The  difficulties  involved  in  cutting  samples  and  limited  material  prevented 
determination  of  die  maximum  cutting  rate  to  a  hi^  degree  of  accuracy,  and  mily  a  range 
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could  be  generated.  The  tqiper  bound  in  the  figure  is  lowest  qpeed  were  the  composite  was 
not  cut  for  the  given  thidmess;  the  lower  bound  in  the  figure  is  the  highest  qieed  were  die 
cmnposite  was  cut  The  maximum  cutting  speed  is  somewhere  between  the  u(^r  and 
lower  bound.  The  maximum  cutting  rate  data  for  6061 A1  is  accurate  to  •!>  0.2S  cm/s.  Air 
was  used  as  the  assist  gas  during  cutting  of  the  6O6I/AI2O3/2OP  composite  due  to  its 
availability;  however,  the  use  of  oxygen  showed  an  increase  of  about  six  percent  in  the 
cutting  rate  at  a  thickness  of  2  mm. 

The  improvements  in  the  cutting  rate  of  die  6O6I/AI2O3/2OP  and  X2080/SiC/15p 
composites  over  unreinforced  aluminum  are  believed  due  to  the  improved  absorptivity  of 
the  composite.  The  reinforcement  materials  commonly  used  in  DRA  composites,  silicon 
carbide  and  aluminum  oxide ,  absorb  much  more  energy  at  10.6  pm  wavelength  than  does 
aluminum,  as  shown  by  the  increased  emissivity  (Figure  17)  [SO,  56].  Using  this 
emissivity  data  for  the  bulk  materials,  effective  emissivides  for  the  composites  were 
calculated  using  the  rule  of  mixtures.  These  calculated  emissivides,  shown  in  Table  3,  are 
t^iproximadons  for  comparison  to  experimental  results.  The  calculations  are  based  solely 
on  emissivity  values  of  bulk  materials  and  the  rule  of  mixtures.  The  absorptivity  of  the 
reinforcement  in  the  composite  may  be  different  that  of  the  bulk  material  and  would 
dierefore  affect  the  effective  emissivity  calculated  for  the  material.  In  addition,  the 
emissivity  for  pure  aluminum  was  used  for  the  calculations,  and  it  has  been  shown  that 
alloying  additions  can  affea  the  amount  of  energy  absorbed  by  aluminum  alloys  [52]. 


Table  3.  Calculated  Emissivity  Values  at  10.6  pm  for  Several  Composite  Materials. 
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Figure  16.  Range  of  the  maxunum  cutting  rate  of  the  6061/Al20y20p  composite 
and  aluminum  alloy  6061  as  a  function  of  tbidmess.  (Maximum  laser  cutting  rate 
based  on  1500  W,  63.5  mm  focal  length  lens,  and  47  f  Anin  air) 


1  I  I  I 

Aluminum  Oxide  Silicon  Carbide  Aluminum 


Hgure  17.  Bulk  emissivity  of  die  composite  constituents  at  a  wavelength  of  10.6  pm. 
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Coiq>iii«op  of  the  effective  codalvities  to  the  nttximiimcuaiiig  rate  <rf8evetal 
ooniXMites  at  1.6  mm  thickness  (Bgine  18)  shows  that  there  is  some  oonelation  between 
die  two.  Aldiou^  emfesivity  cannot  be  used  to  direcdy{ffedta  the  cutting  rate  of  a 
matoial,  a  conelatkm  between  the  emissivity  of  the  material  and  die  laser  cutting  rate  does 
exist  The  low  cutting  rate  of  the  6061/StC/20w  composite  in  comparison  to  6061 A1  is 
believed  to  be  due  to  the  fimnadon  of  aluminum  cari^.  Slower  cutting  rates  ^q>ear  to  be 
necessary  to  overcome  die  effects  of  die  increased  viscosity  of  die  moltmi  cmnposite 
material  caused  by  the  fcmnation  of  aluminum  carbitte.  The  increased  viscosity  appears  to 
have  overcome  dto  effect  of  improved  emissivity  in  the  6061/SiC/20w  composite. 

4.1.4.  Microhardneas 

Micrcdiardness  testing  was  performed  on  the  cross  sections  of  a  2  mm  thick  laser 
cut  6O6I/AI2O3/2OP  cmnposite  to  determine  the  effects  on  the  material  due  to  laser  cutting. 
Testing  of  laser  cuts  made  at  various  cutting  speeds,  which  cone^nd  to  different  heat 
inputs  (slower  travel  ^leeds  -  greater  heat  inputX  are  shown  in  Figure  19.  The  data  shows 
that  the  loss  of  hardness  extends  iq^roximately  0.4  mm  from  the  cut  surface.  In  addition, 
die  loss  of  hardness  observed  in  die  composite  is  independent  of  the  cutting  ^cd. 
Microstructural  observations  indicated  the  existence  of  a  coarse  precipitate  near  the  cut 
surface  and  a  iSne  precipitate  away  from  the  cut  surface.  The  analysis  suggests  that 
coarsening  of  die  Mg2Si  precipitates  is  responsible  for  the  decrease  in  hardness  [57].  A 
miarogn^  of  die  ccnnposite  matrix  at  the  cut  edge  shows  the  Mg2Si  precipitates  as  a  blade 
phase  in  Figure  20.  In  contrast,  at  a  distance  of  0.4  mm  from  die  cot  surface,  where  the 
hardness  returns  to  diat  of  the  base  material,  die  Mg2Si  precipitates  are  too  small  to  be 
resolved,  Rgure  21.  This  suggests  growth  of  the  MgzSi  predpitates  in  the  matrix  frmn  the 
unresohrable  size  in  die  base  material  shown  in  Hgure  21,  to  the  size  shown  in  Figure  20  at 
the  edge  of  the  cut  surface. 


H  Emissivity 
Q  Cutting  Rbic 


6O6I/AI2O3/2OP  6061/SiC/20w  X208(VSiaiSp 


Hgure  18.  Compaiistm  of  Ae  effective  emissivity  to  the  maximum  laser  cutting 
rateoftibectwipositesatatiiicknessof  1.6  mm.  (Maximum  laser  cutting  rates 
based  tm  1500  W,  63  J  mm  focal  length  kns,  and  47  Mnin  air) 
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Figure  20.  Microstructure  at  the  cut  surface  of  a  laser  cut  made  on  the  6O6I/AI2O3/2OP 
composite  cut  at  15  cm/s,  showing  Mg2Si  precipitates  in  the  matrix. 


Figure  21.  Microstructure  at  a  distance  of  0.4  mm  from  the  cut  surface  of  a  laser  cut 
made  on  the  6O6I/AI2O3/2OP  composite  cut  at  15  cm/s.  The  Mg2Si  precipitates  are  too 

small  to  be  resolved. 
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Microhardness  testing  was  also  peifonned  on  a  1  mm  thidc  6061/SiC/20w 
composite  laser  cut  In  this  case,  ttie  heat  affected  zone  due  to  cutting  is  very  small,  less 
than  0.1  mm,  as  shown  in  Hgure  22.  A  significant  increase  in  the  hardness  found  to  be 
due  to  die  reacdcm  layer  on  the  cut  surface.  The  reaction  layer  had  a  hardness  of  283  VHN. 
The  smaller  heat  affected  zone  of  die  6061/SiO20w  cmnposite  in  comparison  to  the  larger 
heat  affected  zone  of  die  6061/Al2O3/2(^  composite  may  be  a  function  of  the  thermal 
properties  of  die  materials.  The  thermal  prc^rties  of  the  conqiosites  in  comparison  to  the 
matrix  material  show  that  increasing  die  silicon  carbide  level  increases  thermal  conductivity, 
while  increasing  the  aluminum  oxide  content  decreases  the  thermal  conductivity  [58].  As  a 
result,  the  heat  imparted  by  the  laser  would  be  conducted  away  more  quickly  in  the 
6061/SiC/20w  composite  resulting  in  a  small  heat  affected  zone.  In  contrast,  the  low 
thermal  oonducdvity  of  the  6O6I/AI2O3/2OP  cmnposite  would  result  in  a  larger  heat  affected 
zone  since  heat  is  transported  mote  slowly. 

4J.  Laser  Beam  Welding 

Laser  beam  welds  were  made  on  the  DRA  composites  to  determine  the  depdi  of 
penetration  into  the  material  for  comparison  to  the  effective  emissivity.  Autogenous  laser 
beam  and  gas  tungsten  arc  (GTA)  welds  were  made  on  the  6061/SiC720w  and  the 
A356/SiC/20p  composites  to  determine  the  effects  on  the  materials  and  to  characterize  the 
microstructure.  The  focus  of  the  laser  beam  welding  experimentadon  dealt  with  eliminating 
the  formation  of  aluminum  carbide  by  filler  metal  additions.  Appropriate  filler  metals  and 
die  reflective  carbides  were  analyzed  for  thermodynamic  stability  and  for  physical  and 
dmnical  compatibility  in  the  weld.  A  computer  program  used  to  determine  the  diemical 
equilibrium  of  a  system  was  employed  to  predict  the  amount  of  filler  metal  necessary  to 
prevent  the  formation  of  aluminum  carbide  in  a  Al^iC/20  composite.  Shims  of  filler  metal 
were  placed  between  two  thin  plates  of  6061/SiC/20w  and  were  laser  beam  welded.  The 
welds  were  characterized  using  electron  probe  miooanalysis  and  optical  microscopy. 
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4JB.1.  Antogenoiu  Later  Welds 

Autx)geiious  laser  beam  welds  were  made  <»  the  6O6I/AI2O3/2OP  and 
6061/SiC/20w  omnposites  and  aluminum  alloy  6061  to  con^>are  the  depth  of  penetiaticm  of 
the  weld  to  the  effective  emissivity  of  die  materials.  Tlie  cra^iarison  (Hgure  23)  shows 
that  the  effecdve  onissivities  agree  reasonably  well  with  the  weld  poietraticm  depdis.  For 
aluminum  alloy  6061,  die  energy  density  was  notsufBdent  to  initiate  a  keyhole,  due  to  tte 
high  reflecdvity  of  the  aluminum.  Tlie  resultant  conduction  mode  is  shallow  in  comparison 
to  keyhole  mode  welds  on  the  composite  materials. 

4JJ2.  Microstmcture 

Autogenous  laser  beam  and  gas  tungsten  arc  (GTA)  welds  were  made  on  the 
6061/SiCy20w  and  the  A356/SiC/20p  composites  to  determine  the  effects  on  die  materials 
and  to  characterize  the  microstructure.  Gas  tungsten  arc  (GTA)  welding  was  used  for 
comparison  to  laser  beam  welding  (LBW)  since  it  is  a  well  established  and  commonly  used 
fusion  joining  technique.  GTA  welds  are  generally  wide  and  shallow,  with  large  heat 
affected  zones,  and  the  weld  pool  temperatures  are  relatively  low.  In  contrast,  laser  beam 
welds  are  usually  very  narrow  and  deep,  have  a  small  heat  affect  zone,  and  relatively  high 
w«ld  pool  tmnperatures. 

Ihe  microstructure  of  welds  made  on  606iySiC/20w  and  A3S6/SiCV20p  composites 
show  the  differences  between  laser  beam  and  gas  tungsten  arc  welding.  Figure  24  exhibits 
the  microstructural  features  common  to  laser  beam  welds  made  on  silicon  carbide 
reinforoed  composites;  aluminum  carbide  platelets  and  a  large  weld  crown.  The  large  pores 
observed  in  the  fiisimi  zone  are  believed  to  be  related  to  hydrogen  present  in  the  composite. 
The  low  fluidity  of  the  molten  material  cambined  with  the  fast  cooling  rates  may  prevent  the 
gases  from  escaping  from  the  fusion  zone. 
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AlOiou^  aic  welding  jnovides  a  lower  weld  po(d  tenq)eiataie  dun  a  laser  weld,  the 
fonnadon  of  aluminum  carbide  platelets  b  evident  in  the  arc  weld  of  dus  material,  Bguie 
25.  A  omipaTistMi  of  weld  morphology  reveab  that  the  GTA  weld  b  much  wider  and 
shallower  than  the  laser  beam  weld,  as  erqjected.  The  microstructure  of  die  GTA  weld  b 
similar  to  diat  of  the  laser  beam  weld,  amtaining  aluminum  carbide  platelets  and  having  a 
large  weld  crown.  The  aluminum  carbide  platelets  in  the  arc  weld  are  larger  than  diose  in 
the  laser  beam  weld.  The  increase  in  platel^  size  b  probably  due  to  the  slower  cooling  rate 
of  die  GTA  weld,  allowing  more  growth  prior  to  solidification.  A  macrograph  of  the  GTA 
weld  reveab  a  significant  amount  of  porosity  in  the  heat  affected  ztme  of  the  weld  which  b 
attributed  to  P/M  fabrication.  Figure  26. 

Initial  observaticms  for  a  laser  beam  weld  mi  the  A3S6/SiCy20p  cmnposite  shows  a 
narrow  weld  which  penetrates  deep  in  the  material.  Figure  27.  A  comparison  of  die 
unetcfaed  micxostructuie  (Figure  28)  to  the  etdied  microstructuie  (Figure  29)  revealed  that 
the  weld  was  much  larger  than  previously  believed.  Analysb  of  the  etched  microstructure 
reveals  four  distinct  regions  of  the  weld.  Region  1,  (Figure  30),  shows  a  large  solidified 
structure  that  b  diaracteristic  of  slow  cooling.  Region  2,  reveab  a  fine  solidified  structure 
that  b  diaracteristic  of  relatively  fast  cooling.  Figure  31.  The  microstructure  of  Region  3 
contains  both  silicon  carbide  partides  and  aluminum  carbide  platelets,  as  shown  in  Figure 
32.  The  microstructure  of  region  4,  exhibib  aluminum  carbide  plates,  silicon  particles,  and 
aluminum.  Figure  33.  No  silicon  carbide  partides  remain  in  thb  region. 


Figure  25.  GTA  weld  made  on  the  6061/SiCy20w  composite,  showing  aluminum  caibide 
platelets,  pmes  in  the  fusion  and  heat  affected  zones,  and  a  large  weld  crown. 


Figure  26.  Macrograph  of  a  GTA  weld  made  on  the  6061/SiC/20w  composite  showing 

pmosity  in  the  heat  affected  zone. 


Hgm  28.  Laser  beam  weld  made  on  ihe  A3S6i/SiC/20p  composite. 

(Unetched) 


o 
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Hgute  29.  Laser  beam  weld  made  on  the  A35d/SiC/20p  composite. 

(Keitel's  Etch) 
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Hguie  30.  Region  1  of  the  laser  beam  weld  made  on  the  A3S6/SiCy;^  composite 
showing  the  large  solidified  stractuie  of  the  as<cast  materiaL 


Rgure  31.  Regitxi  2  of  die  laser  beam  weld  made  on  the  A356/SiC/20p  composite 
showing  the  fine  solidified  structure  of  the  fusicm  zone. 


56 


A4C3 

Platelet 


SiC 

Particles 


Figure  32.  Re^on  3  of  the  laser  beam  weld  made  on  the  A356/SiC/20p  composite.  Both 
silicon  carbide  and  aluminum  carbide  are  present  in  this  region. 


Fi^re  33.  Region  4  of  the  laser  beam  weld  made  on  the  A356/SiC/20p  composite.  AH 
the  SiC  has  reacted  to  form  AI4C3.  Silicon  particles  are  also  evi^nt  in  this  region. 


57 


Hie  GTA  weld  on  the  A3Sti/SiO20p  composite  exhibits  a  wide  shallow  wdd  that  is 
characteristic  of  the  process,  Hgure  34.  The  low  weld  pool  temperature  provided  by  the 
arc  wdding  process  in  combination  witti  the  siliom  content  of  the  matrix  was  successful  in 
preventing  the  facmation  of  aluminum  carbide  on  diis  composite.  No  aluminum  carbide 
was  observed  in  tiw  fiisitm  zcme.  Tlie  microstructure  of  the  fiisimi  zone  has  a  small 
solidified  structure  that  is  similar  to  that  observed  in  R^on  2  of  the  laser  beam  weld  on 
this  material,  shown  in  Hgure  35. 

Porosity  was  often  observed  in  die  heat  affected  zcrnes  and  fusion  zones  of  both  arc 
and  laser  beam  welds,  as  well  as  in  die  heat  affected  zones  of  laser  cuts.  Asmentioned 
previously,  the  porosity  evident  in  the  6061/SiC/^)w  can  be  attributed  to  P/M  fobrication, 
while  the  porosity  in  the  A356/SiC/20p  composite  may  be  due  the  HiPIC  fabrication.  TIm 
porosity  evident  in  the  heat  affected  zones  of  welds  nude  on  the  6061/SiO20w  cmnposite 
was  often  oriented.  The  microstructure  of  the  as*teceived  6061/SiC/20w  composite 
provided  insight  in  to  the  orientation  of  the  porosity,  since  die  ccanposite  is  very  different  in 
the  diree  directions,  as  shown  in  Figure  36.  The  variation  in  microstructure  is  most  likely 
due  to  extrusion  of  the  composite.  Composites  reinforced  with  whiskers  or  short  fibers  are 
often  extruded  to  align  the  fibers  to  some  extent  Although  extrusion  can  improve  the 
medianical  {noperties,  it  tends  to  lower  the  fiber  aspect  ratio  and  leads  to  the  banding  of  the 
matrix  in  die  material  [3].  As  is  evident  from  the  microstructure  riiown  in  Figure  36,  die 
banded  matrix  regions  can  be  quite  large.  These  matrix  ridi  areas  are  believed  to  be  the 
source  of  porosity  in  the  heat  affected  zone  of  die  welded  composite,  since  die  porosity 
appears  to  form  at  diese  matrix  ridi  areas,  as  evidenced  by  die  micrognqih  of  the  arc  weld 
made  mi  diis  material.  Figure  37.  This  obsen^tion  is  in  agreement  widi  dw  experiments 
dmie  by  Aheam  [16],  where  it  was  found  that  hydrogen  in  the  aluminum  alloy  was 
le^nsible  for  die  porosity  observed  in  the  welds  and  heat  affected  zones. 


Figure  34.  Macrograph  of  a  GTA  weld  made  on  the  A356/SiC/20p  composite. 

(Keller's  Etch) 


Figure  35.  Microstxucture  of  the  fusion  zone  of  a  GTA  weld  made  on  the  A356/SiCy20p 

composite.  (Keller’s  Etch) 
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Fig^  37.  Pores  formed  in  the  heat  affected  zone  of  a  GTA  weld  made  on  the 
6061/SiC/20w  composite.  The  pores  appear  to  form  in  the  banded  regions  containing 

high  concentrations  of  matrix. 


61 


A  miciogn{di  of  an  autogenous  laser  beam  weld  made  on  die  A3S6/SiC/20w  composite 
eichibits  substantial  amounts  of  porosity  in  the  fiision  and  heat  affected  zones  in  addition  to 
the  fonnation  of  aluminum  carbide,  Hgure  38.  The  porosity,  also  observed  in  laser  cuts  on 
this  material,  is  attributed  to  hydrogen  in  the  as-fabricated  composite,  that  forms  pmes  in 
tl»  material  upon  heating.  This  is  believed  to  be  similar  to  the  behavior  observed  in  P/M 
fabricated  DRA  composites.  The  porosity  in  die  laser  beam  welds  on  the  A3S6/SiC/20w 
composite  was  miented  along  the  layers  of  the  silioon  carbide  whisker  preform  diat  was 
infiltrated  to  form  die  material. 

4,23.  Filler  Metals 

Although  the  use  of  certain  metals  has  been  shown  to  prevent  the  formation  of 
aluminum  carbide  in  other  situations,  it  was  necessary  to  determine  if  use  of  these  metals 
would  be  applicable  for  laser  beam  welding  and  if  the  metals  could  prevent  the  formation  of 
aluminum  carbide.  Based  on  free  energy  data,  the  mechanical,  physical,  and  chemical 
prr^rties  of  metals  whose  carbides  are  more  diermodynamically  stable  than  aluminum 
carbide  were  investigated.  A  chemical  equilibrium  analysis  of  amount  of  filler  metal 
necessary  to  prevent  the  formation  of  aluminum  carbide  was  generated,  using  the 
SOLGASMDC  computer  program.  Welds  were  made  on  the  6061/SiC/20w  composite 
using  titanium  and  zircoiuum  additions  for  comparison  to  the  thermodynarruc  analysis  and 
for  microstructural  characterization. 
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HgoieSS.  Foimatuxiofpotosity  in  the  fusion  and  heat  affected  z(me  of  a  laser  weld 

made  on  the  A356/SiC/20w  comp(»ite. 
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42J.1.  Analysis  of  Carbide  Formation 

Free  omgy  of  fcmnatioa  data  indicates  that  several  metallic  caiiades  are  more  likely 
to  fi»m  in  preference  to  aluminum  carbide  [59].  Titanium  and  zirconium  show  the  most 
prmnise  in  eliminating  die  formadtHi  of  aluminum  carbide  based  on  free  energy  diange*  as 
diown  in  Figure  39.  Titanium  catlnde  and  ziramium  carbide  are  chemically  stitole 
compounds  that  are  not  subject  to  dissoludm  in  water  [32].  The  properties  of  titanium  and 
zirconium  carbide  are  similar  to  diose  of  silicon  carbide;  as  shown  in  Table  4.  Calculations 
show  that  the  formation  of  titanium  and  zirconium  carbitte  from  silicon  carbide  result  in 
volume  expansion  of  five  and  three  percent  respectively,  much  less  than  die  twenty-five 
percent  expansion  due  to  the  formation  of  aluminum  carbide.  Although  the  properties  of 
titanium  and  zuconium  carbides  are  similar  to  that  of  silicon  carbide,  experimentatimi  and 
analysis  was  necessary  to  verify  the  formation  of  these  compouitos  and  to  diaracterize  the 
microstructure  of  the  fusion  zone. 

Table  4.  Properties  of  Metallic  Carbides  [60]. 


Material 

Elastic  Modulus 

(GPal 

Mioohaidness 

(HV:kg^nm2) 

Thermal  E^qpansion 
(10^/ K) 

SiCfCVD) 

420 

3000 

5.5 

TiC 

447 

3200 

7.2 

ZrC 

406 

2600 

6.3 

6S 


Chemical  EquiUbrinm  Analysis 

Analysis  of  cfaenucal  eijuilibrium  for  the  additioa  of  filler  metal  to  the  fiisioa  zcMe  of 
the  Al/SiC  oompositB  begiiis  with  the  chemical  reactiofis  believed  to  occur  in  the  system. 
Ihe  leactkm  between  aluminum  and  silicon  caifoide  to  fbnn  aluminum  caibide  has  been 
observed  and  documented  [24*30]. 

4Al(r)  +  3SiC(()  -•  Al4C3(s)  +  3Si(,)  (3) 

Utanium  reacts  widi  die  silicon  caibide  by  the  following  leacdmi. 

+  SiC(t)  "•  TiCct)  +  Si(,)  (4) 

Combining  reactions  3  and  4  leads  to  the  following  reaction. 

+  3'n(r)  3TiC(,)  +  4Al(r)  (5) 

The  free  energy  of  reaction  5  will  determine  if  aluminum  carbide  or  titanium  caibide  is 
fovoied  tfaeimodynanucally.  If  die  free  ene^  is  negative,  titanium  caibide  is  favored;  if 
positive,  aluminum  caibide  is  favored.  The  total  free  energy  of  reaction  can  be  determine 
by  the  free  energy  of  the  reaction  in  the  standard  ^ate  and  die  equilibrium  constant  for  the 
reaction. 


AGR„,sAG^+RTln(K)  (6) 

The  equilibrium  constant,  K,  for  reaction  5  is  as  follows. 


Ks-iAL^l£- 

«^1*A4C3 


(7) 
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Assumiog  diat  liie  aluminum  and  titanium  caibutes  are  pure  and  remain  in  dieir  standard 
state  in  the  qrstem;  the  activities  of  these  compounds  can  be  considered  to  be  unity  [61]. 
Usiiig  these  assumptions  die  equilibrium  constant  can  ther^y  be  reduced  to  the  following. 


(8) 

To  determine  die  equilibrium  for  reaction  5»  the  activities  of  titanium  and  aluminum  in 
solution  must  be  specified,  based  on  the  amounts  of  eadi  present  in  the  system.  The 
activity  of  titanium  in  solution  with  aluminum  has  been  determined  experimentally  for  die 
binary  system  of  T1*A1  for  a  composition  range  of  0.6  to  1.0  mole  fraction  of  titanium  [62]. 
The  researdiers  developed  an  equation  for  the  activity  of  titanium  as  a  function  of 
composition  and  temperature  using  experimental  data.  The  developed  equation  shown  in 
Figure  40  reveals  the  deviations  from  the  ideal  solution  behavior  (R^ulfs  Law)  due  to  the 
attraction  between  the  aluminum  and  titanium  atoms. 

One  major  problem  in  the  determination  of  the  diemical  equilibrium  of  a  system  is 
the  failure  to  include  all  possible  compounds  diat  can  form  in  the  system.  For  equation  5, 
no  titanium  intermetallics  are  consideied,  yet  diose  and  other  compounds  have  been 
observed  in  die  Al-Tl-C  system  [38],  and  have  the  potential  to  form  in  the  current  system. 
Therefore,  it  was  necessary  to  develop  a  more  detailed  analysis  diat  included  all  possible 
compounds  to  obtain  the  most  accurate  results.  A  modified  version  of  a  thermodynamic 
analysis  program,  SOLGASMIX,  was  used  to  determine  the  amounts  of  filler  metal 
additions  necessary  to  prevent  the  formation  of  aluminum  carbide.  SOLGASMIX 
determines  the  cfaonical  equilibrium  of  a  system  through  the  minimization  of  free  energy 
[63].  The  program  has  been  modified  to  include  an  interface  with  the  JANAF 
Thmmochemical  Data  Tables  [59]  to  provide  a  large  data  base  of  compounds  for  solving 
chemical  equilibrium  problems  [63].  One  subroutine  of  the  SOLGASMIX  program  diecks 
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Figuie40.  Tltaiiiiim  activity  as  a  functioa  of  mole  &acti(»  for  the  Al-Ti  system 
at  1750  K  [62].  The  deviation  from  Raoult's  Law  Qdeal  behavior)  is  due  to  ^ 
attiactitm  between  the  aluminum  and  titanium  atoms. 


68 


tfw  data  base  and  lists  all  possible  ocxnpouads  foimed  from  the  constituent  elemoits  die 

system.  Hie  ouqnit  the  Al-C-Si*Ti  systm  revealed  that  several  omnpounds  known  to 
fmm  were  not  presmt  in  the  data  base.  It  was  necessary  to  obtain  firee  energy  of  fmmatimi 
data  for  these  compounds  to  provide  die  most  accurate  analysis  of  the  system.  The 
possible  compounds  known  to  fonn  in  the  Al-C-Si-Tl  system  firmn  various  sources  [64- 
72],  along  with  die  availability  of  data  for  the  compounds  are  shown  in  Table  S. 
Unfortunately,  not  all  the  necessary  data  for  the  analysis  was  available  and  therefore  could 
not  be  included  in  the  computer  analysis.  In  addition,  diere  was  some  variation  in  die 
reported  free  energy  data  for  several  of  the  dtanium  aluminide  compounds  [39, 69, 72].  A 
single  source  of  free  energy  data  for  the  compounds  in  the  Ti-Al  system  [69]  was  diosen 
for  the  SOLGASMDC  data  base.  The  need  for  activity  data  for  titanium  and  aluminum  in 
solution  has  been  mentioned  previously;  however  the  activities  of  the  other  components  in 
the  system  were  also  required.  The  most  accurate  analysis  would  be  provided  by  the 
activity  data  for  the  components  of  the  quaternary  system;  however  none  was  available. 
Available  activity  data  was  limited  to  the  binary  systems  of  H-Al  (titanium  in  solution  with 
aluminum)  [62]  and  Al-Si  [6S].  The  activity  data  for  titanium  in  solution  in  aluminum  was 
provided  in  the  form  of  an  equation;  however  the  activity  data  for  the  Al-Si  system  was 
fitted  to  the  quasi-diemical  solution  model  to  obtain  equations  for  the  activity  as  a  function 
of  composition.  The  lack  of  any  data  for  tiie  activity  of  zirconium  in  aluminum  prevented  a 
SOLGASMDC  analysis  of  zirconium  additions  to  the  silicon  carbide  reinforced  aluminum 
composite.  The  predictions  for  the  titanium  additions  are  believed  to  be  similar  to  those  for 
the  zirconium  additions,  since  the  fiee  energies  of  formation  for  the  two  carbides  are 
similar. 
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Once  all  the  availaUe  data  was  added  to  the  data  base,  an  uamfde  was  nm  to 
provide  verificati<m  to  fuither  analysis.  Ihe  example  invdved  the  A35ti/SiCy20p 
omiqxMite.  Experiments  detennined  that  aluminum  caibtde  began  to  f<»m  at  approximately 
1060  K  [35].  The  result  of  die  thetmodynamic  analysis  can  be  seen  in  Hgure  41.  Tte 
aluminum  begins  to  react  with  the  siliam  carbide,  forming  aluminum  carbide  and  silicoo  at 
a  tmiqieratttre  of  1092  K.  As  the  temperature  increases,  the  reaction  proceeds,  until  all  the 
siliccm  carbide  has  reacted  at  i^^ximately  1800  K.  The  SOIjGASMIX  analysis 
prediction  of  aluminum  carbide  formadmi  at  1092  K  is  somewhat  higher,  but  agrees 
reasonably  well  with  the  temperature  of  af^roximately  1060  K,  observed  previously  [35]. 

The  diermodynamic  analysis  of  the  A356/SiC/20p  composite  can  clarify  the 
microstructure  observed  in  the  laser  beam  weld  made  on  this  material,  riiown  in  Bgure  42. 
The  etdied  microstructure  reveals  several  different  regions  in  the  weld,  oone^nding  to 
different  temperatures.  The  temperatures  in  the  weld  pool  are  highest  in  the  center  (nearest 
the  laser  beam)  and  decrease  as  the  distance  from  the  weld  center  increases.  The 
microstructure  of  the  center  of  the  weld,  containing  only  aluminum  carbide,  silicon,  and 
aluminum  suggests  weld  pool  temperatures  in  excess  of  1800  K,  based  on  die 
thermodynamic  analysis.  At  temperatures  between  1800  to  1100  K,  both  aluminum 
carbide  and  silicon  carbide  coexist  From  1100  to  828  K,  molten  aluminum  and  silicon 
carbide  are  stable.  The  temperatures  of  828  (the  alloy  liquidus)  and  1800  K  (total 
conversion  of  SiC  to  AI4C3)  are  deariy  defined,  however  the  1100  K  isotherm  cannot  be 
determined  accurately  from  die  microstructure. 


Temperature  (K) 


Hgore  41.  Thermodynamic  analysis  predicdmis  of  the  compounds  present  as  a  fimcion 
of  temperature  ^  a  Al-7Si/SiC/20  arniposite. 
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Probable 


Hgure  42.  Compariscm  of  the  microstructure  cf  the  laser  beam  weld  made  on  the 
ASS^iC^Op  composite  to  the  computer  predictions  fiiom  the  SOLGASMK  analysis  of 

the  compodte. 
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One  very  important  factor  not  addressed  by  the  SOLGASMDC  thermodynamic 
analysis  is  die  reaction  kinetics.  According  to  the  dieimodynamic  analysis,  aluminum 
carbide  formed  at  higher  temperatures  should  revert  to  silicon  carbide  i^n  cooling, 
however,  diis  is  not  observed  experimentally.  The  aluminum  carbide  formed  at  higher 
temperatures  remained  in  the  weld  upon  solidification.  From  this  observation  it  can  be 
conduded  the  kinetics  for  the  aluminum  caibide  to  revert  to  silicon  carbide  are  slow  relative 
to  the  cooling  rate  of  the  weld. 

SOLGASMDC  analyses  for  the  addition  of  titanium  to  a  Al/SiCV20  model  composite 
were  run  to  determine  the  optimal  level  of  addition  to  the  fusion  zone  to  prevent  the 
formation  of  aluminum  caibide.  The  analyses  determined  that  a  22  wt%  (15  vol%)  addition 
of  titanium  to  the  fusion  zone  is  necessary  to  prevent  aluminum  carbide  formation.  The 
compounds  formed  as  a  function  of  temperature  are  shown  in  Figure  43,  along  with  the 
initial  composition.  Aluminum  is  not  induded  in  the  Hgure  to  provide  better  resolution  for 
the  other  compounds.  The  titanium  reacts  with  the  silicon  carbide,  resulting  in  the 
formation  of  titanium  carbide  and  silicon.  The  amounts  of  titanium  caibide  and  silicon 
(right  hand  scale)  are  equal  throughout  the  entire  temperature  range.  The  silicon  caibide 
and  titanium  remaining  at  960  K,  (left  hand  scale)  continue  to  react  until  1200  K,  where  all 
the  silicon  caibide  has  reacted.  No  titanium  inteimetallics  or  aluminum  caibide  are 
predicted  for  tiiis  level  of  titanium  addition. 

For  titanium  levels  below  22  wt%,  the  formation  of  aluminum  caibide  is  predicted 
to  occur.  An  analysis  for  a  10wt%  (6.5  vol%)  addition  of  titanium  to  the  fusion  zone. 
Figure  44,  shows  the  compounds  formed  in  die  system  as  a  function  of  temperature. 
Initially,  the  titanium  in  die  system  reacts  widi  the  silicon  caibide  to  form  titanium  caibide 
anddlioon.  Ibe  remaining  silicon  caibide  begins  to  react  with  the  molten  aluminum  at 
1100  K  to  form  aluminum  caibide.  The  reaction  continues  as  die  temperature  increases 
until  1500  K,  ixdiere  all  die  silicon  caibide  has  reacted  to  form  aluminum  carbide. 
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Hgure  43.  Thennodynamic  analysis  predictions  of  the  compound  present  as  a  function 
(tf  temperature  for  a  22  wt%  addititm  of  titanium  to  a  Al/SiCV^  composite. 


Hgute44.  Thenmxlyiiiunic  analysis  predictions  of  the  compound  present  as  a  function 
of  temperature  for  a  10  wt%  addition  of  titanium  to  a  Al/SiC^  composite. 


76 


Tlie  analysis  for  a  30  wt%  (21vol%)  additicm  of  dtanium  to  ttie  fusion  zone.  Figure 
4S,  shows  the  compounds  formed  in  the  system  as  a  function  of  temperature.  Ihe  titanium 
in  the  system  reacts  with  die  silicon  caibide  to  form  titanium  caibide  and  silicon.  The 
silicon  produced  reacts  with  the  excess  titanium  to  form  TiSi.  As  the  tonperature  increases 
die  amount  of  HSi  decreases  until  it  reaches  zero  at  1300  K. 

4.2,3,3.  Microstructure 

Thin  shims  of  titanium  and  zitconium  were  placed  between  two  plates  of  the 
6061/SiO20w  composite  in  the  marmer  previously  described  and  were  laser  welded. 
Different  shim  thicknesses  were  used  to  vary  the  level  of  filler  metal  addition  to  the  fusion 
zone.  These  welds  were  characterized  for  the  microstructure  and  for  comparison  to  the 
thermodynamic  analysis.  Several  different  thicknesses  of  titanium  shims,  ranging  from  64 
to  582  pm,  were  used  in  the  study.  The  zirconium  shims  used  varied  in  thickness  from  40 
to  127  pm.  In  order  to  compare  the  experimental  welds  made  with  titanium  to  the 
diermodynamic  analysis,  the  widths  of  the  weld  fusion  zones  were  compared  to  tiie  initial 
shim  thickness.  The  comparison  provides  an  indication  of  the  volume  fraction  of  the  filler 
metal  present  in  the  weld.  The  volume  fraction  cannot  be  determined  accurately  by  this 
technique,  since  volumetric  dumges  may  occur  upon  mixing  and  as  a  result  of  chemical 
reactions.  For  the  purposes  of  comparison  to  the  thermodynamic  analysis,  this 
approximation  is  necessary.  Shown  in  Figure  46  are  tiie  widths  of  the  fusion  zone 
compared  to  the  thickness  of  tiie  titanium  shim  and  tiie  approximate  volume  fraction  of 
titanium  in  the  experimental  welds.  The  fusion  zone  width,  initial  zirconium  shim 
tiiidmess,  and  iqiproximate  fraction  of  zirconium  in  the  welds  are  shown  in  ^gure  47  fat 
comparison. 


Hgare4S.  Therniatyiiamk  analysis  piedicticm  of  the  compCHinds  present  as  a  fnnctkm 
of  temperature  fitr  a  30  wt%  additioa  of  titanium  to  a  Al/SiC^  composite. 


Genteriine  of  the  ^Id 
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Hguie46.  Widths  of  die  fusion  zone,  initial  sfaiintfiickiiess,  and  the  volume  firacticxi  of 
titanium  for  welds  made  on  the  6061^iC/20w  composite. 
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ng;ur647.  Widnis (rf the  fiisum  zone,  initial  shim  thickness,  and  die  volume  firacdoa  of 
znconinm  for  welds  made  on  the  6061/SiC/20w  composite. 
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Fnnn  the  i^roximate  volume  fraction  data  for  titanium  shown  in  Figure  46  and  the 
dietmodynamic  analysis,  the  composition  of  die  hision  zones  can  be  predicted.  Weld  HrA 
(582  pm  Tl  shim)  contains  a  greater  amoimt  of  titanium  than  necessary  to  prevent  die 
formation  of  aluminum  carbide.  The  formation  of  titanium  carbide  is  predicted,  as  well  as 
die  possible  formadon  of  titanium  sUidde,  no  aluminum  carbide  is  predicted.  Weld  UzB 
(127  pm  H  shim)  has  a  level  of  titanium  slighdy  higher  than  that  predicted  to  prevent  the 
formation  of  aluminum  carbide.  In  this  case  the  formation  of  titanium  carbide  and  possibly 
some  titanium  silicide  is  predicted.  For  Weld  li:C  (64  pm  Ti  shim)  the  level  of  titanium  is 
less  than  that  necessary  to  prevent  the  formation  of  aluminum  carbide;  the  formation  of 
aluminum  carbide  as  well  as  some  titanium  carbide  should  be  present  in  the  fusion  zone. 

Ibe  fusion  zone  of  Weld  TirA  did  not  exhibit  the  formation  of  aluminum  carbide 
platelets  that  have  been  observed  in  autogenous  welds  as  expected  by  tiie  thermodynamic 
anlaysis,  as  shown  by  the  comparison  of  welds  (Figure  48).  Although  aluminum  carbide 
platelets  did  not  appear  in  the  microstnicture  of  the  fusion  zone,  several  other  structures 
were  observed,  including  fine  dendrites,  nodular  regions  near  the  edge  of  the  fusion  zone, 
and  long  band-like  structures,  also  located  near  the  edge  of  the  fusion  zone.  The  dendrites 
observed  in  the  microstructure,  shown  in  Figure  49,  were  small  (1-5  pm)  and  well 
di^rsed  throughout  the  fusion  zone.  An  SEM  image  of  the  dendrites  and  corre^nding 
X-ray  maps  of  tiiose  dendrites  (Figure  50)  obtained  by  EPMA,  suggest  that  these  dendrites 
are  titanium  carbide,  since  only  titanium  and  carbon,  and  not  aluminum  or  silicon  are 
present  The  morphology  of  the  titanium  carbide  dendrites  is  nearly  identical  to  that 
observed  in  Ti-TiC  composites,  studied  by  Chen,  Geng,  and  Chin  [73].  Also  evident  in 
the  X-ray  maps  is  the  high  amount  of  titanium  present  in  the  matrix  surrounding  the 
dendrites.  EPMA  of  the  fusion  zone^  provided  the  elemental  composition  of  the  fusion 
zone,  shown  in  Table  6. 
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Hgine  48.1.  Optical  mkiograph  of  the  fusicm  zone  of  an  autogenous  !«««•  beam  weld 
made  cm  the  6061/SiCZ20w  composite,  showing  aluminum  carbide  platelets 

in  dte  fusion  zone. 


Hgure  48.2.  Optical  inicrogrq>h  die  fiisitm  zone  of  a  laser  beam  weld  made  on  the 
6061/SiC/20w  composite  (Weld  HrA)  showing  that  the  formation  of  aluminum  carbide 

platelets  has  been  suppxessel 


Figure  50.1.  SEM  image  of  the  dendrites  in  the  fusion  zone  of  the  6061/SiC/20w 
composite  welded  with  a  0.582  mm  thick  titanium  shim. 
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Tabled.  E]«iieiit^  Oxnpositioa  of  the  FUsk)aZai»e  Matrix  of  Weld  Tl’A. 


Element 

Ammmt  Present  (wt%) 

Titanium 

70.79 

Alumiiunn 

23.23 

Silkoo 

2.29 

Carbon 

0.95 

Ihe  data  shown  in  Table  6  suggest  that  the  ntatiix  is  primarily  a  titanium  aluminide 
(mixture  of  TiAl  and  T13AI)  diat  contains  small  amounts  of  silicon  and  caibon.  The 
tituiium  aluminide  matrix  suggests  a  brittle  weld,  due  to  the  characterise  poor  ductility  of 
inteimetallic  con^XMinds  [74].  Nodules  containing  large  platelike  structures  were  evident 
near  die  edge  of  die  fusion  zone,  as  shown  in  figure  51.  EPMA  of  these  platelike 
structures  in  the  nodules  suggest  they  are  TiAla  (TIAls  stoichiometric  composition:  62.8 
wt%  Al,  37.2  wt%  Tl),  while  die  surrounding  matrix  is  an  Al-Si  alloy.  Also  near  die  edge 
of  the  fusion  zone  were  band-like  structures,  (Hgure  52).  EPMA  of  these  band  structures 
suggest  a  complex  compound  containing  appreciable  amount  of  all  four  elements. 

Weld  *n:B  (127  pm  H  shim)  also  did  not  exhibit  aluminum  carbide  platelets  in  the 
fusion  zone,  as  evidenced  in  Figure  53.  Neither  the  large  nodular  regions  nor  die  bandlike 
structures  found  near  the  edge  of  the  fusion  zone  of  weld  Ti:A  were  observed  in  this  weld. 
Two  regions  of  were  observed  in  weld  HiB.  Shown  in  Figure  54  is  a  back  scattered 
electron  image  of  the  first  region,  that  contains  four  distinct  areas.  The  elemental 
ccanposition  of  the  brighter  matrix  region  appears  to  be  TIAI3  with  some  silicon  present 
The  darker  matrix  area,  containing  a  lower  amount  of  titanium,  is  composed  predominately 
of  Al  and  TlAla  with  some  silicon  aiKl  carbon  present  The  bright  blocky  region  is  neariy 
stoichiometric  TiC,  containing  some  aluminum  and  silicon.  EPMA  of  the  dendrites  suggest 
diat  diey  are  a  emnbination  of  TixAlC  and  TIC  The  TiC  is  most  predominate  around  the 


Hgure  SI.  Intetmetallic  nodule  fOTined  at  the  ed^  of  the  Vision  zone  of  the 
6061/SiC/20w  composite  welded  using  a  0.582  mm  duck  titanium  shim  (Weld  'n:A). 
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Banded  Structure 


Element 

Amount  Detected 
(wt%) 

Utanium 

63.3 

Silicon 

16.9 

Aluminum 

10.7 

Caitxm 

9.0 

Hguie  52.  Banded  structure  formed  near  die  edge  of  the  fusion  zone  of  die 
d061/SiC/20w  ctmiposite  welded  using  a  0 J82  mm  thick  titanium  shim  (Weld  HzA). 
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of  the  fusion  rone  of  the  fusion  zone  of  weld  TirB  (0.127 
mm  Ti  shim:  o061/SiC/20w  base  nuiterial).  No  aluminum  carbide  platelets  are  evident 


Bright  Blodky  Phase 


Dendrites 
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Elemmt 

Amount  Detected 
(wt%) 

Titanium 

78.2 

Carbon 

17.9 

Aluminum 

2.6 

Silicon 

0.9 

Element 

Amount  Detected 
(wt%) 

Titanium 

68.8 

Carbon 

18.4 

Aluminum 

10.2 

Silicon 

2.6 

Dark  Matrix  Regi<nis 


Element 

Amount  Detected 
(wt%) 

Aluminum 

77.5 

Titanium 

15.1 

Silicon 

4.8 

Carbon 

2.2 

Li^t  Matrix  Ref^ons 


Element 

Amount  Detected 
(wt%) 

Aluminum 

55.3 

Titanium 

37.8 

Silicon 

5.9 

Carbon 

1.1 

Compound 

Wei^t  Percent 

A1 

C 

Ti 

TIC 

- 

20.0 

80.0 

■Pl2- 

53.0 

- 

47.0 

JAU  _ 

62.8 

- 

37.2 

TliAlC 

20.0 

8.9 

71.1 

tl^C 

14.8 

6.6 

78.6 

Hgure  54.  Dendrites  and  blocky  particles  in  a  two  phase  matrix  in  the  fusion  zone  of  the 
6061/SiC/20w  composite  welderi  using  a  0.127  mm  thick  titanium  shim  (Weld  Ti:B). 
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edge  of  the  dendrites,  which  seems  to  indicate  that  TiC  is  fonning  from  the  TixAlC 
compounds.  This  agtees  with  the  observations  made  by  Jaifois,  Fredricksson,  and  Froyen 
[38].  The  formation  of  titanium  carbide  at  the  surface  of  the  dendrites  may  also  explain  the 
composition  of  the  dariter  matrix  phase  that  is  in  contact  with  the  dendrites  and  blocky 
partides.  If  the  TixAlC  compounds  react  to  form  TIC,  the  aluminum  content  of  the 
surrounding  region  should  increase,  as  shown  by  the  EPMA.  The  second  region,  diown 
in  Figure  55,  contains  dendrites  within  a  matrix.  The  dendrites  are  composed  of  a 
compound  containing  appredable  amounts  of  all  four  elements,  while  the  matrix  is  nearly 
stoichiometric  TiAl2  (TiAl2  stoichiometric  composition:  53.0  wt%  Al,  47.0  wt%  Ti). 

The  microstructure  of  Weld  T1:C  (64  (xm  Ti  shim)  exhibits  the  formation  of 
aluminum  carbide  platelets  in  the  fusion  zone,  as  shown  in  Figure  56.  A  back  scattered 
electron  (BSE)  image  of  the  fusion  zone  (Figure  57)  shows  the  titanium  is  not  uniformly 
distributed  throughout  the  fusion  zone  (brighter  regions  denote  the  presence  of  titanium). 
Figure  58  is  a  BSE  image  of  the  region  below  the  pore  riiown  in  Figure  57.  Four  regions 
are  evident,  dark  platelets,  gray  platelets,  a  gray  blodcy  phase,  and  the  matrix.  The 
morphology  of  the  dark  platelets  corresponds  to  aluminum  carbide  platelets.  EPMA  shows 
that  these  dark  platelets  are  nearly  stoichiometric  aluminum  carbide  (AI4C3  stoichiometric 
composition:  75.0  wt%  Al,  25.0  wt%  C).  The  gray  platelets,  having  the  same  morphology 
as  the  dark  platelets,  contain  a  significant  amount  of  titanium.  The  gray  blocky  phase  has  a 
composition  very  similar  to  that  of  the  gray  platelets.  The  matrix  in  this  region  is  an 
aluminum  silicon  alloy  containing  low  levels  of  titanium  and  carbon.  As  the  titanium 
content  increases  (moving  to  the  left  in  Figure  57)  the  dark  platelets  gradually  disappear  and 
the  gray  platelets  and  blocky  particles  become  more  prevalent  At  die  left  of  the  fusion  zone 
the  microstructure  consists  primarily  of  die  blodcy  particles.  This  indicates  that  as  the 
titanium  levels  increase  aluminum  carbide  platelets  become  less  stable  and  the  blocky 
partides  become  more  stable. 
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Dendrites 


Element 

Amount  Detected 
(wt%) 

Utanium 

51.1 

Altuninum 

46.2 

Silicon 

1.5 

Cartxm 

1.2 

Element 

Amount  Detected 
(wt%) 

Titanium 

73.2 

Caibon 

11.5 

Aluminum 

10.9 

Silicon 

4.4 

Optical  imcrograph  of  the  fusion  zone  of  the  fusion  zone  of  weld  TirC  (0.064 
mm  Ti  shim:  6061/SiC/20w  base  material).  Aluminum  carbide  platelets  are  evident  near 

the  edge  of  the  fusion  zone. 


Figure  57.  Back  scattered  electron  image  of  Ac  fusion  zone 

composite  welded  using  a  0.064  mm  Aick  titanium  shim  (Weld  Ti.Q. 
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Hie  welds  made  using  zirconium  filler  additions  showed  results  similar  to  those 
made  using  titanium  filler  additions.  Weld  (18  vol%  addition)  resulted  in  a  weld 
cfMitaining  no  discernible  aluminum  carbide  platelets  in  tiie  fusion  zcme.  Figure  59.  Weld 
Zx:B  (11  vol%  addition)  contained  aluminum  carbide  platelets  i^ar  the  edge  of  the  fusion 
zone.  Figure  60.  From  the  microstructural  observatimis  it  can  be  concluded  that  the 
rytimal  level  of  filler  addition  for  zirconium  necessary  to  prevent  the  formation  of 
aluminum  carbide  lies  between  18  and  11  vol%. 
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Rgure  59.  Optical  miciogn^h  of  the  fusion  rone  of  weld  Zr  A  (0.127  nun  Zr  shim; 
6061/SiC/20w  base  material).  No  aluminum  carbide  platelets  are  evictent. 
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Hgore  60.  Optical  mipograph  of  die  fusion  zone  of  the  fusion  zone  of  weld  ZnB  (0.040 
nun  Zr  shim:  6(XSl/SiC/^Dw  base  material).  Aluminum  carbide  platelets  are  evident  in 

near  dw  ed^  of  the  fusion  zone. 


QiapterS 

CONCLUSIONS 


The  results  of  the  laser  cutting  experimentaticm  suggest  that  lasers  can  be  effective 
in  cutting  DRA  composites.  However,  laser  welding  of  these  materials  may  pose 
difficulties  due  to  the  formatimi  of  undesirable  phases  in  the  fusion  zone.  Primarily,  the 
formation  of  aluminum  carbide  from  the  silicon  carbide  reinforcement  and  molten 
aluminum  may  lead  to  extremely  low  ductility  of  the  welded  joint  and  accelerated  corrosion 
in  moist  environments.  It  has  been  found  that  alloying  additions  to  the  fusion  zone  can 
si^press  the  formation  of  aluminum  carbide.  Higher  processing  ^eds  and  greater 
penetration  show  that  lasers  offer  a  viable  technique  for  processing  these  materials. 

It  was  found  that  the  DRA  composites  could  be  cut  at  rates  faster  than  that  of 
unreinforoed  aluminum.  The  improved  cutting  rates  are  attributed  to  the  energy  absorption 
of  the  reinforcement  The  silicon  carbide  and  aluminum  oxide  reinforcements  absorb  more 
laser  energy  than  unreinforoed  aluminum.  Calculations  based  on  the  rule  of  mixtures 
showed  that  a  Al/SiC/20  composite  absorbs  2.5  times  more  energy  than  unreinforced 
aluminum  while  an  AI/AI2O3/2O  composite  absorbs  more  than  75  times  the  energy  of 
unreinforced  aluminum.  A  comparison  of  the  eff^xive  emissivities  and  the  experimental 
laser  cutting  rates  show  that  there  is  a  direct  correlation  between  the  two. 

For  the  case  of  the  6061/SiC/20w  composite,  the  increased  cutting  rates  offered  by 
the  improved  energy  absorption  were  offset  by  the  formation  of  aluminum  carbide.  The 
increased  viscosity  caused  by  the  formation  of  aluminum  carbide  results  in  a  large  dross 
layer  attadied  to  the  cut  exit  and  a  reaction  layer  on  the  cut  surface,  leading  to  a  decreased 
cutting  rate  in  comparison  to  unreinforoed  aluminum.  The  formation  of  aluminum  carbide 
was  not  observed  in  the  X208Q/SiC/15p  composite.  It  is  believed  that  the  silicon  carbide 
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paitides  are  eiqjelled  fr(»n  the  cut  before  die  fonnadon  of  aluminum  carbide  can  affect  the 
viscosity  of  the  molten  material.  Therefore,  laser  cutting  seems  best  suited  for  composites 
vidiich  do  not  have  silicon  carbide  whisker  reinforcement 

Mioohardness  testing  for  2  mm  thick  sections  of  the  6O6I/AI2O3/2OP  ocnnposite 
determined  that  the  loss  of  hardness  was  exhibited  to  a  distance  of  0.4  mm  from  the  cut 
surface.  Optical  microscopy  determined  that  this  was  probably  due  to  coarsening  of  the 
Mg2Si  precipitates.  Microhardness  testing  of  a  1  mm  thick  section  of  the  6061/SiCy20w 
composite  revealed  that  the  formation  of  aluminum  carbide  leads  to  a  substantial  increase  in 
the  hardness  adjacent  to  the  cut  surface.  This  increase  in  hardness  extends  less  than  0.1 
mm  from  the  cut  surface.  The  relative  sizes  of  the  heat  affected  zones  are  in  agreement  with 
die  reported  thermal  conductivities  of  the  composites.  The  addition  of  aluminum  oxide 
decreases  diermal  conductivity,  while  the  addition  of  silicon  carbide  increases  thermal 
conductivity. 

Welds  made  on  the  composites  showed  that  the  improved  absorption  of  laser 
energy  also  resulted  in  a  substantial  increase  in  die  weld  penetration  depth  over 
unreinforced  aluminum.  Effective  emissivities  calculated  by  the  rule  of  mixtures  correlated 
well  with  the  weld  penetration  depth. 

Comparison  of  gas  tungsten  arc  welding  and  laser  beam  welding  of  Al/SiC 
composites  showed  that  laser  welding  results  in  much  deeper  penetration  into  the 
worlqiiece.  The  welds  made  on  the  6061/SiC/20w  composite  exhibited  aluminum  carbide 
platelets,  a  large  weld  crown,  and  a  substantial  amount  of  porosity  in  the  weld.  The 
porosity  observed  in  the  welds  is  believed  due  to  hydrogen  entrr^iped  in  the  material  during 
P/M  frbrication  and  evolves  during  welding.  For  the  A356/SiC/20p  composite,  aluminum 
carbide  was  observed  in  the  laser  beam  weld,  but  not  in  the  GTA  weld.  The  high  silicon 
content  of  the  matrix  alloy  combined  with  the  lower  weld  pool  temperatures  of  GTA 
welding  prevented  aluminum  carbide  formation.  The  microstructure  of  tire  A356/SiC/20p 


hoer  wdd  was  rather  oranplex,  consisting  of  a  region  attaining  resolidified  omiposite,  a 
r^on  with  a  partial  reaction  between  silioxi  carbide  and  aluminum,  and  a  region  in  the 
center  of  die  weld  where  all  the  silicon  carbide  reacted  to  form  aluminum  carbide. 

It  has  been  shown  previously  that  titanium  and  zirconium  can  eliminate  the 
formaticm  of  aluminum  carbide  by  the  formaticm  of  their  reflective  carbides.  Analysis  of 
die  prt^rties  of  TiC  and  ZrC  show  that  diey  are  m(»e  chemically  stable  than  aluminum 
carbide  and  are  not  subject  to  dissolution  in  water.  Furthermore,  the  f(»mation  of  titanium 
and  zirconium  carbides  from  silicon  carbide  result  in  volumetric  expansions  of  five  and 
three  percent  reflectively;  significandy  less  than  the  twenty-five  percent  due  to  the 
formation  of  aluminum  carbide. 

A  thermodynamic  analysis  of  additions  of  titanium  to  a  Al/SiC/20  composite  was 
conducted  using  the  SOLGASMDC  chemical  equilibrium  computer  program.  The  analysis 
predicted  that  22  wt%  (IS  vol%)  addition  of  titanium  to  the  fusion  zone  is  necessary  to 
prevent  the  formation  of  aluminum  carbide  for  composite  reinforced  with  20  vol%  silicon 
carbide.  Titanium  additions  less  than  22  wt%  will  result  in  the  formation  of  aluminum 
carbide.  However,  if  excess  titanium  is  present,  the  formation  of  a  titanium  silicon 
intermetallic  (TiSi)  is  predicted. 

The  welds  on  the  6061/SiC/20w  composite  made  using  titanium  filler  additions 
have  shown  that  the  formation  of  aluminum  carbide  can  be  suppressed.  Three  welds 
representing  tiiree  different  levels  of  titanium  additions  were  analyzed.  Weld  T1:A  (<-53 
vol%  addition  of  Tl)  exhibited  no  aluminum  carbide  platelets.  Fine  titanium  carbide 
dendrites  (1-S  pm  in  size)  were  identified  using  x-ray  mf)ping.  Although  titanium 
carbides  were  found,  the  hi^  titanium  content  resulted  in  titanium  aluminide  and  titanium 
rilidde  intermetallic  structures  in  the  fusion  zone  as  well  as  a  titanium  aluminide  matrix. 
Hra  presrace  of  these  intermetallic  compounds  is  efiected  to  lead  to  a  brittle  weld  due  to 
their  characteristic  poor  ductility.  Weld  T1:B  (•  18  vol%  addition  of  11)  did  not  exhibit 
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aluminum  caibide  platelets  or  the  dtanium  aluminum  and  titanium-silicon  inteimetallic 
structures  observed  in  Weld  Ti:A.  The  microstructure  of  the  fusion  zone  consi^ed  of 
dendrites  and  blocky  particle  in  a  matrix  of  titanium  and  aluminum.  The  dendrites  were 
found  to  be  a  mixture  of  TlxAlC  and  TiC  as  determined  by  EPMA.  while  die  blocky 
particles  were  primarily  TIC  Weld  Ti:C  (-•  11  vol%  addition  of  Ti)  did  exhibit  the 
aluminum  carbide  platelets  in  the  fusion  zone,  as  expected  from  the  thermodynamic 
analysis.  EPMA  of  the  weld  determined  that  the  aluminum  carbide  formed  becomes  less 
stable  as  the  titanium  levels  increase. 

Weld  made  using  ziiconium  filler  additions  showed  similar  results  to  those  made 
using  titanium  filler  additions.  In  Weld  ZrA  (« 18  vol%  addition  of  Zr)  no  aluminum 
caibide  was  observed.  Aluminum  carbide  platelets  were  observed  however,  in  Weld  Zr:B 
(•11  vol%  addition  of  Zr).  From  the  experimental  observations  of  the  welds  made  using 
zirconium  filler  additions  it  can  be  concluded  that  the  optimal  level  of  addition  to  the  fusion 
zone  lies  between  11  and  18  vol%. 


Chapter  6 

RECOMMENDATIONS  FOR  FUTURE  WORK 


The  amount  of  laser  energy  absorbed  by  the  composite  has  been  shown  to  be  very 
important  factor  for  laser  processing  of  DRA  composites.  Aldiough  die  cmnparisons  made 
using  the  calculated  emissivities  provided  reasonable  results,  die  calculations  involved 
several  assumptions.  Determination  of  die  actual  emissivities  of  the  composite  materials 
may  provide  data  for  predicting  the  effectiveness  of  laser  processing. 

The  DRA  composites  used  for  die  laser  cutting  experimentation  represented  only  a 
small  sample  of  different  materials.  Ftirdiennore,  die  limited  amount  of  material  available 
prevented  full  characterization  of  laser  cutting  of  diese  materials.  A  more  detailed  analysis 
employing  more  materials  may  be  warranted. 

The  experimentation  for  eliminating  the  formation  of  aluminum  carbide  by  filler 
metal  additions  of  titanium  and  zirconium  were  successful;  however  more  study  is 
required.  The  thermodynamic  analysis  made  using  the  SOLGASMDC  computer  program 
provided  an  accurate  prediction  for  die  optimal  level  of  filler  addition.  However,  fiiitiier 
develqiment  of  die  activity  and  free  energy  data  may  provide  a  better  correlation  between 
the  prediction  and  die  experimental  results.  Several  compounds  were  observed  in  the 
welds  that  were  not  accounted  for  die  in  the  analysis,  and  the  ziromium  additions  could  not 
be  analyzed  because  of  the  lack  of  activity  data.  In  addition  to  the  thermodynamic  analysis, 
an  investigation  of  die  kinetics  of  the  reactions  in  occurring  in  the  fusion  zone  may  aid  in 
determining  die  t^timal  amounts  of  titanium  and  zirconium  additions.  The  addition  of  filler 
metals  by  diin  shims  was  an  effective  way  of  providing  measured  amounts  of  metals  into 
the  fusion  zone,  but  the  mediod  was  difficult  to  implement  The  method  may  also  have 
resulted  in  the  segregation  observed  in  some  of  the  welds.  Development  of  alternative 


methods  for  addition  of  the  filler  metals  should  be  investigated.  Finally,  characterization  of 
the  prodiiced  welds  is  necessary  to  detennine  the  viability  of  the  process. 
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APPENDIX  A 

Volnmetric  Change  Due  To  Chemical  Reactions 
4Al  +  3SiC-Al4C3  +  3Si  (1 
Ti  +  SiC-TiC  +  Si  (2 
Zr  +  SiC-*ZrC  +  Si  (3 

For  Reaction  1 


4A1  ft  s  39.97  cm^ 

mole  2.70  g 

3S.c4p.10g  ^3  ^  ^  ^3 

mole  3.21  g 

AI4C3  ^  g  *  61.00  cm3 
mole  236  g 

3Si^^  ^  =  36.17  cm3 

mole  2.33  g 


For  Reaction  2 


77.45  cm3 


97.17  cm3 


=10.62  cm3  I 
mole  431  g  \ 

Sic  »  12.49  cm3 

mole  331  g 

riC^-&-<S}^  =  12.13  cm3 
mde  4.94  g 

Si^^^  =  12.06  cm3 

mole  2.33  g 


*  23.11  cm3 


=  24.19  cm3 


For  Reaction  3 


9132  g 


14.06  cm3 


12.49  cm3 


Zr 

mole  6.49  g 

Sic  4030_g^ 

mde  3.21  g 

ZrC— s  1534 cm3 
mole  6.73  g 

Si a  12.06 cm3 
mde  233  g 


*  2635  cm3 


«  27.40  an3 


Reactitm 

Volume  of  Reactants 
(cm3) 

Volume  of  Products 
(cni3) 

Percentage  Change 
Over  hii^  VolunM 

1 

77.45 

97.17 

+25.46 

2 

5311 

24.19 

+4.67 

3 

2635 

27.40 

+3.20 

APPENDIX  B 


Activity  Data  for  the  SOLGASMIX  Analyses 


From  Hodi  and  Usell  [62],  dw  activity  of  titanium  as  a  function  of  mole  fraction  titanium 


and  temperature  is  as  follows. 

an  »  X-n«tp(-11272.14X  +  2.9547X1  -  X-n)^) 


Ihe  activity  of  silicon  and  aluminum  as  a  fiinctimi  of  silicon  content  in  an  aluminum  silicon 
alloy  is  ^own  in  Table  1  [65]. 


Table  1.  Activity  of  Silicon  and  Aluminum  as  a  Function  of  Silicon  Content  [65]. 


Activity 

A1 

SI 

1  100.0 

0.597 

0.219 

0.513 

0.414 

0.356 

1  39:9 

HK!£!l3Hi 

0.104 

0.078 

1  9.9 

WKMDm 

0.033 

■ESiilLH 

Using  die  quasi-diemical  solutitm  model  and  tte  activity  data  for  silicon  and  aluminum,  the 
following  equation  was  generated  for  aluminum  activity. 

.A,.XA,exp(-1.429(l-XTi)* 
llie  activity  of  sflioon  as  a  function  of  mole  fiactioD  of  silicon. 

asi  -  Xsicxp(-1320(l  -  Xn)2 

A  grsfdi  of  die  equations  developed  fiom  the  quasi-chemical  solution  model  are  compared 
to  die  eaqierimental  data  in  Hguie  1. 


m 


Hgure  1.  Companson  of  the  calculated  activity  values  to  the  experimental  values 

used  in  the  calculations 


